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. TABLE I-A. SUMMARY OF DATA FOR SCREEXTNG RIN CCP--3

 Catalyst: Code B _ Puel: Propane |
oot $0F o VIEIO Bt omem  Fowem gmaml gl
563 176 3.7 0.0 1.000 0.000
559 1.670 2.32 291 1M1 0,34l
663 1.510 1.8 b3.2  1.759 0.565 -
782 1.260 1.06 67.6 ~  3.080 1.124
852 1.173 0.47 8.7 - 6.950 1.940
867 1.152 0.25 92.5 13.100 _'2.5‘701
'TABLE II-A. SUMMARY OF DATA FOR SCREENING RUN CCP-6
| Catalyst: Code A Fuel: Propane R
ot Bt VIIT o A e gl w@XE
577 1.732 3.00 10,0 1,000 0,000
682 1,467 2.55 15.0 1.176 0.162
726 1.378 2.k 28,7 100 0.3%
783 1,278 1,55 48.3 193  0.660
833 1.200 1.33 55.7 2,260 0.815
868 1.151 1.09 63.7 2.750 1.012
2007 0.995 0.10 %.7 30,000 3,100
1023 0.977 0,00 100.0 = |
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TABLE III-A. SUMMARY OF DATA FOR SCREENING RUJ CCP-7

. Catalyst: Code D Fuel: Prcpane
Hot Spot - 1/'r x, 100 Exit Oxygen % Oxygen  Oxypen In m,Oxy In y
Temp. (T), °k *x-1 Conc., % Vol, Conversion Oxyren Out -Oxy Out
557 1.793 2,85 0.0 1.000 0.0C)
651 1.447 2,215 2.2 1.285 0.251
751 1,288 1.125 60.5 2.530 0.929
776 1.248 1.005 64.6 2.830 1.001
822 1.216 0.875 : 69.3 3,260 1.180

&1 1.18 0.795 T2.0 3.580 1.275

| TABLE IV~A. SUMMARY OF DATA FOR SCREENING RUN CCP-9

Catalyst: Code P Fuel: Propane
o g VP mowe  fovm cymm wgra
81k 1.230 2.07 0.0 1,000 0.000
840 1.190 2.05 1.0 1.010 0.093
915 1.092 1.25 39.6 1.654 0.503
920 1.088 0.80 61.5 2.590  0.98
927 1.079 0.57 725  3.630 1.290
9%3 11,039 0.3k 83.6 6.090 1.808
%17 1033 0.0 98.0 51,700  3.940
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 TARLE V-A,

SIMMARY OF DATA FOR SCREENING RUN CCP-15
Catalyst: Code I Fuel: Propane
W2y VY o fowm b wemm
- 585 175 3.75 0.0 1.000 0.000
606 1.650 3.65 2.7 - 1.025 0.024
699 1.430 2.%0 2.7 1,292 0.256
769 1.300 2.1 35.7 1555 0.l
817 1.223 1.93 L8.6 1,966 0.665
878 1.140 1.73 54,0 2175 0777
930 1.075 1.26 61.5 2.985 1.093
1983 1.018 0.57 8.7 6.64 11.804
TABIE VI-A. SUMMARY OF DATA FOR SCREENTNG RUN CCP-17
Catalyst: Code J Fuel: Propane
('r) 1/T x 103 c::c?:’ryzen ¢ Oxygen Carbon Dioxide ';
*x-1 % Vvol. Conversion Oxypen mt i%) Conc., % Vol,
616 1.622 3.63 0.0 1.000 0.000
673 1.187 3.5 10.5 1.117 0.1
700 1.430 3.10 1.£ 1.170 0.157 0.040
755 1.324 2.% 0.4 1.256 0.228 - 0,092
81 118 - 2.5h 35.5 1.550 0.438 0.175
874 1,144 2.12 u1.6 .71 0.538 0.263
83 1.120 1.93 46.9 1.88 0.631 0.263
933 .01 1.72 52.6 2.110 0.746
9ué 1.057 1.60 55.9 2.270 0.80 O.L7h
970 1.030 1.b2 60.9 2.560 0.964 | 0.533
184
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TABIE VII-A. SUMMARY OF DATA POR SCREEN.NG RUN CCP-18

Catalyst: Code X Fuel: Propane
Hot Spot Exit Oxygen , '
Temp. (T) 1/'5‘ x 103 Cconc., € Oxygen Oxygen In 1{OY _InY Carbon Dioxide
X x-1 4 vol. Conversion Oxygen Out  Oxy Ouy Conc., % Vol.

SR SR

R b L v

%, P bt ko e < AT e -

BT ML S0, Tae 5 A BT

722

3.75 0.0 1,000 0,000 0,000 9

731 1.3%68 3.29 12.3 1.1k0 0.131 0.033 ;

Ti3 1.293 3.07 18.1 1.222 0.201 0.056 i

806 1.240 2.89 23.0 1.300 0.262 0.079

833 1.200 2,67 28.8 1.103 0.339

8 1.348 2.51 35.7 1.555  0.b10 0.247 ?

915 1.093 2.07 44,8 1.812 0.5%5 0.359

975 1.026 1.51 59.8 2.L82 0.910 0.625 "
1005 0.995 .21 67.8 3.1% 1.132 0.724
1015 0.985 1.21 67.8 3100 1132 0.704

i

¥

o _
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TABLE VIII-A.

Hot Spot

Catalyst: Code F Fuel:

Exit Oxygen

Propane

SUMMARY OF DATA FOR SCREENING RUN CCP-19

MR D VT P et oo MR conery 4ok
661 1.512 3.78 0.0 1.000 0.000 0,000
663 1.510 3.49 7.7 1.083 0.080 0.065
657 1.521 3.46 8.5 1.092 0.088 0.066
676 1.479 3.33 11.9 1.1% 0.128 0.165
712 1.40h 2.97 21.4 1.272 0,241
743 1.347 2.8 25.6 1.345 0.29% 0.395
78 1.277 2.30 39.2 1.643  0.g7 0.790
825 1.212 1.7h 54.0 2.17 0.777
875 1.142 0.92 76.2 L.20 1.L3
892 1.120 0.55 85.5 6.87 '1.928 1.610
992 1.008 0.22 9.1 17.20 2,87 1.810
998 - 1,001 0.21 b 16,00 2.692
1027 0.975 0.20 .7 18.50 2,940 1.875
' 189
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TABLE IX-A. SUMMARY OF DATA FOR SCREENING RUN CCP-20

Catalyst:
) g a0 g™
502 1.950 3,74
610 1.661 3.65
664 1,508 3.53
686 Lhs8 35
729 Lm 35
78 1.265 2.86
8ok 1.246 2.51
840 1.150 2.20
en 1.148 2.00
a1 1.189 2.32
a6 1.225 2,42
863 1.160 2.00

e e Y AR b o4 <

Cole B Pusl: Propane

omreion S My o
0.0 1,000 0,000 0.000
2k 1.025 0.025
5.6 1.059 0,057 0.059
7.8 1.084 0.081 0,086
.15.8 1.188 0.172 ' 0.197
23.5 1.308 0.269 0.560
2.9 Lk 039
41,2 1.700 0.531 0.855
u6.5 1.870 T 0,626
38.0 1.611 0.478 | 1 0.526
35.3 1.545 0.435 0.559
h6.5 '1.870 0,626 0.8%9
190
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TABLE X-A.

Crtalysts

SUMMARY OF DATA FOR SCREENIRG RUN JT-9

Code 7  Fuel: JP-T
Exit Oxygen A
R v g fovm smmu iy sy
o2 .
580 1722 '3.75 0.0 1.0 . 0,000 0,000
592 1689 3.70 1.3 1.012 0,012
617 160 3.6 3.7 1.040 0.039
61 1.560 3.53 5.9 1.062 0.060
664 1.509 3,45 8.0 1.087 0,08 10.053
. 1,407 3.29 12,3 1,140 0.131 0.166
ol 1.343 '3.13. 16.5 1.199 0.18 0.263
786 1.em 2,94 21.6 1.215 0.243 0..08
a6 .22 - 2.76 2.5 . 1.3%0  0.308 0.hgk
859 1.165 2,70 28.0 1.390 0.330 0.592
- ers k2 2.61 30.b 1,43 0.362 0.658
%
|
i
1
192
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TABLE XI-A. SUMMARY OF DATA FOR SCREENING RUN CCP-27

Catalyst: Code M Puel: Propane

Hot Spot Exit Oxygen ‘ :

O AT P e SR D S
640 1,561 3.73 0.0 1.000 0,000 0.000
664 1.508 3.70 0.8 1,008 0.008 0,033
688 1.L51 3.67 1.6 1.017 0.017
702 1.k24 3.60 3.5 1.037 0.036 0,06
729 1.31 ’ 3.52 5.6 1.060 0.058 o.ogg)
731 1,369 3.48 6.7 1.072 0,070
739 1.352 3.43 8.1 1.089 0.085 0,132
70 . 1.300 3.28 12,1 1.138 0.129 0.2
796 1.256 3.06 18.0 1.220 0.199 0.335
817 1.223 2.90 22.2 1.287 0.254 ‘
829 1.208 2.80 2k.9 1.332 0.287 0.480
852 1.172 2.60 30.3 143k 0.360 |
84 1.170 2.59 30.6 1.4ko0 0.365 0.502
875 1.1k 2.42 35.2 1.550  ob32  0.658
818  1.1%0 2.11 35.4 1.548 0.437

194




TABLE XII-A. SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-2u

Cat;]&st: Code ¥ Fuel: FPropane
Hot Spot - Exit Oxygen
TR OVINY P e, Sl Qo) Smen e
. ge Xy NC., ol.
503 1.988 3.L9 0,0 1.000 0.000 0,000
507 1.97 3.42 2.0 1.020 0.020
518 1.930 3.32 4.9 1.050 0,049
54k 1.840 3.2 6.6 1.070 0,068 0.033
580 1.723 115 9.8 © 1.108 0.103 _
607 1,648 2.87 - 17.8 1.217 0.197 0.2u7
6u7 11,546 2.7 29.2 1.L13 0.346 0.408
564 1500 2.2k 35.8 1.560 0.LL5
721 1.387 1.60 54,1 2.180 0.780 0.987
777 1.288 0.97 72.2 3.600 1.280
799 1251 0.8 7.1 4,365 1.7k 1.670
826 1.210 0.70 80.0 4,990 1.608
83 1.187 0.6k - 81.6 5.450 1.697 © 1.8
854 1.171 0.63 2.0 5,5L0 1.710
868 1.151 0.53 84.8 6.590 1.885 1.585

195
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TABLE XIIT-A. SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-22

Catalyst: Code F Fuel: Propane
Hot Spot ~ Ex{t Oxygen ‘ ‘
Temp, (T) /T ;_:1103 Conc., % Oxygen Oxypen In 1{0xY_In Y Carbon Dioxide
X K % vol, - Conversion Oxygen Out ~Oxy Out/ Conec., % Vol.
676 1480  3.78 - 00 1.000 0.000 0.000
704 1620 2,03 46.3 1.860 0.620 0.296
791 1.262 1.70 55,0 2,220 0.797
%9 10150 0056 85-3 6-750 1.910 1.612
e 1.0  0,k6 87.9 8.220 2.110
978 1.022 0.b2 88.9 9.000 2.200 2.050
1011 0.989 0.40 9.5 9.1450 2.380 1.920
1014 0.985 0.31, 9.8 12,200 2.500 2.140
j TABLE XIV-A, SUMMARY OF DATA FOR SPACE VELOCITY STUDY, KUN CCP-8
’ ; Catalyst: Code A Fuel: Propane |
! ,
Hot Spot 1/T x.10°  Exit Oxygen % Oxygen  Oxygen In (2L In
* § Temp. (T), °K *x*l . conc., % Vol. Conversion Oxygen Out Oxy Out
645 1.550 2.92 0.0 1.000 0.000
. 667 1.500 2.7 7.4 1.078 0.075
;8 s . , N
N 730 1.370 2.2%6 22.6 1.291 0.255
g ol 1.060 0.52 8.2 5.610 1.725
{ 966 1,035 0.38 87.0 7.690 2,040
3 979 1.021 0.2 91.8 12.170 2.500
0
i
|
1 -
Lt
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TABLE XV-A.

SUMMARY OF DATA FOR SPACE VELOCITY STUDY, RUN CCP-23

Catalyst: Code A Fuel: Propane

Hot Spot Exit Oxygen ,
Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In y Iny Carbon Dioxide

°X *K=1 9 Vol. Conversion Oxygen Out xy Out) Conc., % Vol.
188 2.050 3.70 0.0 1.000 0,000 0.000

586 1.705 3.54 .3 Lo 0,044

641 1.560 3.22 13.0 1.150 0.140

697 1434 2.88 22.2 1.285 0.251 0.Lk7

746 1.34%0 2.35 36.5 1.573 0.456

809 1.238 1.72 53.5 2.152 0.768 1.119

946 1.057 0.k2 88.7 8.805 2.175

987 1.012 0.19 95.0  19.500 2.972 1.843
2006 0.995 0.1 97.0  33.620 3.515

101k | 0.985 0.10 97.4 37.000 3.612 1.875
1018 0.983 0.06 98.5 61.700 4,120 1.850
10256 0.975 0.03 99.2 123.300 4,810 1.816
1029 0.972 0.02 9.5 185.000  5.220 1.940
1052 0.950 0.01 99.8 370.000 5.91 1.700

197
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TABLE XVI.

Catalyst:

A SUMMARY OF DATA FOR LIQUID FUEL RUN JT-2

v Code A Pacl: JP-7

Hot Spot Exit Oxygen

T () IO o e S le 13 Iny Carhon Hexdce
523 1.910 3.58 0.0 100 0,000 0,000
575 1.740 3.45 3.6 108 0,037
591 1.690 3.33 7.0 1.07¢ 0.073
610 1.640 '3.15 2.0 1137 0.128
624 1.602 2.86 20.1 1.252 0.225
640 1.561 2.65 26.0 1.350 0.300

" 688 1452 1.83 48,9 1.958 0.671
728 . 1.373 1.60 55.4 2,240 0.806 1.198
T7h 1.292 1.50 58.1 2.390 0.872
832 1.200 1.20 66.5 2.985 1.093
B6h 1.160 1.10 69.3 3.260  1.180 L.y
876 1.140 1.00 72.0 3.580 1.275 |
925 1.080 0.80 7.6 475 1.500 1.670
970 1.030 0.55 8.9  6.510 1.873

1019 0.982 0.27 92.5 13.260 2.58 1.870
1047 0.955 0.14 9.1 25.600 3.240

1057 0.946 0.10 o.2  35.800  3.580 2,040
1064 0,940 0.09 97.5 39.800 3.680 2.054
1066 0.9 0.9 7.5  39.800  3.680 |
1068 0.936 0.07 98.0 51,200  3.940 1.9%

198
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TABIE XVII-A,

smmx ormumnq:mmnmn—k

Code A Tuel: JP-7

Catm:t'
g:::p?pc(,'r) 1T x 103 c::c?fygen 4 Owgen:
°X °x-1 < vol. ‘Conversion
573 1,757 3.58 0.0
631 1,584 3.33 - 7.0
769 1.300 220w
788 1270 1.50 . . .ss.i
820 1.220 1.20 66.5
855 1.170 0.85 76.3
8685 1.130 0.68 81.0
913 1.096 0.50 8.0
980 1.020 0.l 88.5
1003 0.99% 0.38 - 895
1009 0.992 0.28 92.2
1022 0.979 0.20 9.5
1024 0.976 038 9.0
1030 0.970 0.15 '-' . 95.8 .
1039 0.963 o.11 9%.9
200
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Carbon Dioxide

Conc., % Vol.
1.0 0,000 0.000
107 0073 0165
1,703 0.532
| - 24390 0.870
2.9%0 1.092
b.210 1.438
5.270 1.650
7.160 1.970 0.987
8.730 2,170 1.122
9.430  2.240
12.800 2.550 1.083
1700 2,880
119,900 2.990 1.082
23.900 . 3.170
32,600 3.k80 0.969
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TABLE XVIII-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-5

Catalyst: Code A Fuel: JP-7

Hot Spot = Exit Oxygen
Temp. (T) 1/T x 103 Conc., % Oxygen Oxygen In y Iny Carbon Dioxide
°K °x-1 4 vol. Conversion Oxygen Out xy out/ Conc., % Vol.
510 1.960 b0 0.0 1.000 0,000 0.000
558 1.790 3.88 ‘3.o 1.031 0.036
58 . 1,710 3.65 8.8 1.0% 0,092
604 1,658 3.50 o125 1.143 0.134
616 161 3.1 w8 1172 0,59
658 1,520 = 3.22 19.5 1.242 0.217 |
66k . - 1,508 3.10 2. 1.290 0.255 0.901
691 1.448 2.8 2.0  1.hlo 0.3k
723 1.38 2.55 - 36.3 1.570 0.451
b 134 2.40 40.0 1.667 0511 0.920
R 1,280 2.20 45.0 1720 0.543
803 1.246 2.05 48.8 | 2.950 0.669 1,085
850 1.176 1.8 54,0 2,175 0.778
875 1.240 1.60 60.0 2.500 0.916
. 938 1.066 1.32 67.0 3.030 1.130
965 1,036 1.20 70.0  3.335 1.205
997 . 1,002 1.08 73.0 3.700 1.310
1007 0.995 1.00 75.0 4,000 1.387 1.83
10 0.957 0.2 77,0 1,350 1470
| 1063 0.940 0.7 81.3 5.335 1,673

1072 0931 0.63 8.3  6.350  1.850




TABLE XIX-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-6A
Catalyst: Code A  Puel: JP-7

Hot Spot Exit Oxygen

Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In v In \ Carbon Dioxide
°K °x-1 4 Vol. Conversion Oxyren Out y Out’ Conc., % Vol.
546 1.830 2.76 0.0 1,000 0,000 0,000
576 1.735 2.53 8.3 1.090 0,08 0.099
599 1.670 2,9 9.8 1.110 0.104
612 1.632 2.40 13.0 1.150 0.1k0 0.197
647 1.546 2.10 23.9 1.315 0.274

657 1.521 2.00 27.6 1.38 0,322 0.296
699 1.430 1.90 31.2 1.452 0.374

735 1.360 1.75 36.6 1.579 0.457 0.592
756 1.320 1.66 39.9 1.662 0.508
T79 1.263 1.60 L2.0 1.725 0,545
805 1.241 1.48 W64 1,866  0.624 0.658
8i0 1,190 1.30 53.0 2.122 0.754 0.786
850 1.176 1.25 54.8 2.210 0.795 0.942
866 1,154 1.20 56.5 2.300 0.834 1.03»
873 1.18 57.3 2,340 0.850
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TABLE XX-A. SUMMARY OF DATA FOR LIQ/ID FUEL RUN JT-6B

Catalyst: Code A  Puel: JP-7
S iad momn  Son gmmn woym,
510 1.960 3.66 0.0 1.000  0.000 A
725 1.360 2.35 35.8 1.559 0.4k * '
752 1.330 2.20 39.9 1.6 0.510 :
765 1.273 2.00 55.b 1.830 0.605 5
816 1.223 1.8 50.9 2.033  0.710
850 1.177 . 1.60 56.3 2.288  0.828
80 1.122 1,40 61.8 2.615 0,960 ; .
908 1.100 1.30 64.5 2.815 1.03b ‘
934 1.0m 1.20 67.2 3.050  1.116 ‘
- ou3 1.060 1.19 67.5 3.075 1.123
TABIE XXI-A. SUMMARY OF DATA FOR LIQUID FUEL RUN JT-7
Catalyst: Code A Fuel: JP-T . .
Mot Spot Exit Oxygen | i
Tep. (T) 1/T x 203 Conc., % Oxygen Carbon Dioxide :
*x=1 4 Vol, Conversion Oxypen (m l‘%:_y—_) Conc., % Vol.

538 1.860 4.0l 0.0 1.000  0.000 0.000
595 1.600  3.50 134 1253 o2 | :
635 1575 3.00 25.8 .36 0.297

688 1.452 2.50 38.2 1.617 0.h81 ;
723 1.383 1.90 53.0 2.125 0.755
817 1.223 1.10 72.9 3.670  1.300
875 1.42 0.60 8.2 6.750  1.910 1.998 i
93 102 0.3 92.6 13480  2.600 !
M9 1.053 0.20 %.2 20.200 3.005 2.010 : |
956 1.046 0.18 95.6 22,50 3.110 1.922 ‘

1005 0.995 0.16 %.1 25,250 3.230 1.960
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FIGURE 12-A. CODE A CATALYST - EFFECT OF TEMPERATURE ON OXYGEN CONVERSION
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TABLE XXII-A. SUMMARY OF DATA FOR RUN FIM-1A WITH

EXCESS OXYGEN
Catalyst: Cods A Fuel: Propane
Hot Spot Exit Oxygen
Temp. (T) 1/T x 103 Conc., 4 Oxygen Oxygen In Iny Carbon Dioxide
°X *x-1 € Vvol. Conversion Oxygen Out xy out/ Conc., % Vol.
542 1.8:2 20.80 10,00 1.000 0,000 0,000
578 1.730 20.75 1.01 1.002 0,003
628 1.591 20.60 b,ob 1.010 0.020 0.053
654 1.508 20,40 8.08 1.020 0.020 0.131
687 1.458 20.20 12,12 1.030 0,030
m L7 20.00 6.6 L0 0.0k
78 1.277 19.40 28.28 1.072 0,070
égb 1.23 19.00 3%6.36 1,09 0.050 1.210
923 1.083 18.00 56.56 1.255 0.1k
1005 0.995 17.50 66.66 1.189 0.173
1069 0.935 17.00 76.76 1.223 0.202
1123 0.890 16,40 88.88 1.269 0.238 3.220

¢ i 11 ey e o < s
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TABIE XXIII-A. SUMMARY OF DATA FOR RUN FIM-13 WITH
: EXCESS QXYGEN

Catalyst: Code A Fuel: Propane

| Hot Spot Exit Oxygen

Temp. (T) 1/T x 103  Conec., % Oxygen Oxygen In 1% Iny Carbon Dioxide
°X °x-1 4 vol. Conversion Oxyren Out — ©xy Out/ Conc., % Vol,.
559 - 1.790 20.80 0.00 1.c00 0.000 0.000
570 | 1.752 20.75 1.01 1,002 0.003
591 1.690  20.70 2.02 1.005 0,007
604 1.658 20.60 b, 1.010  0.010
627 1.593 | 20.50 6.06 1.015 0.015 0.092
643 1.557 20.40 8.08 1.020 0.020
676 1.479 20,10 k.14 1.033 0.032 0,32
724 1.k00 19.60 2i.2bh 1.061 . 0.059 |
™ 1.2% 18.90  38.38 1.100 0.095

857 1158 17.90 58.58 1161 0,149

gl 1.060  17.00 76.76 1.223 0.202
o2 L0199  16.50 86.86 1.260  0.232

1054 0.950 16.30 90.90 1.276 0.2tk 2.630
1088 0.920 16.20 92.92 1.283 0.250 2.770
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TABLE XXIV=A,

Catalyst: Code A

SUMMARY OF DATA FOR PROPAKE RUN CCP-26

Hot Spot Exit Oxygen
Temp. (7) /T x 103  coac., % Oxygen Carbon Dioxide
°K_ k-1 ¢ vol. Conversion ggggn om. 1’%‘—9 Conc., % Vol.
583 1.715 3.58 0.0 1.000 0.000 0,000
586 1.705 3.8 2.8 1.029 0.029
61k 1.630 3.39 5.3 1,056 0.055 0.072
638 - 1.570 3.22 101 1.110 0.105
6k 1.5% 3.09 13.7 1159  0.18
685 1.460 2.90 19.0" .23 o021 0.L3k
780 = 1.280 2.10 h1.b 1.705 0.534
840 1.190 1.60 '55.3 2,240  0.806
887 1.130 1.10 69.3 3.255 1.180
o 1.098  0.80 7.7 bAT5 1,500
o5 050 oo 88.8 8.950  2.190
9% .00 022 9.9 1620 2790  2.150
1006 0;995 0.18 9.0 19.900 2,990 |
1027 0.974 0.17 9.3 21.100 3.050 1.860
210
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TABLE XXV-A. SUMMARY OF DATA FOR PROPANE RUN CCP-28
Catalyst: Code A
'T’Z’;p.”?;) 1/T x 103 E:é:c?fmen 4 Oxygen Oxypen In y Iny Carbon Dioxide
'K‘ Y 4 Vol. Conversion Oxypen Out — Oxy Out’ Conc., % Vol.
573 1.745 3.7 0.0 1.000 0,000 0.000
.60k 1.657 3.69 0.5 1.005 0,005
. 616 1.621 3.65 1.6 1.00¢ 0,016
628 1.591 3.60 3.0 1.030 0.030
| 62 1.559 3.55 L.3 1,045 0.0uk
' 652 1.531 3.50 5.7 1.060 0.058 0,098
; 6w 1.482 3.40 8.b 1.090 0.08 |
§ 685 1.460 3.30 1.1 1.122 0.115 0.362
! 725 1.380 3.00 19.1 1.238 0,21k
?35 1.360 2.90 21.8 1.280 0.247 0.428
3 766 1.304 2.60 29.9 1.428 0.356
798 1.252 2.30 38.0 1.611 0477
838 1.192 1.9 18.8 1.951 0.669 0.889
87 1128 140 62.2 2.650 0.975
911 1.097 1.30 65.0 2.855 1.050 1.256
. 938 1.066 1.00 73.0 3.710 1.310
958 - 1,042 0.80 78.5 L.640 1.533
- 973 1.028 0.62 1.1 5.990 1.790 1.590
v 1015 0.985 0.L3 88,k 8.630 2,160 1.730
4 1030 . 0.970 0.40 8.2 9.270 2,230 1.540
1 08 0.98 0.1 9.2  26.500 3,280 1.79
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TABLE XXVI-A, SUMMARY OF RUN DATA « 60 HR TEST WITH

- MIL-T-5161G FUEL

Catalyst: Code A Dilutea(l)

et
Ers

5
k.l
7.7
10.3
1h.3
19.0
21.6
4.6
29.6
33.5
36.9

0.9

45.2
k9.2
53.b
57.h
62.3

“(1)} ‘1 volume catalyst + 2 volumes inert ceramic.

T e —

Hot Spot
TEZ.‘ ‘.C

760
6%
730
72
40
728
766

ok
785
759

- 798

769
758
759
766
759
77

Hot Spot
Position(3)

Inches

n i
nifz
n |
1n

13k
1 3M
9

12 1/s
.91/
10

9 7/8
11/8

1038

1u

n s
10 1/2
0 1%

" (2) Test hours, see Table V.

212
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Space Velocity: 100,000 hr~t

Bed Press
Drop, psi

2.78
2.8
3.10
3.21
3.25
3.54
3.83
3.83
3.87
3.83
3.83
3.83
3.83
3.83
3.85
3.8
3.83

Exit Exit

{’vﬁ‘{’f"' j?vﬁ‘{?'

a3 179
22 2.00
.06 1.8
05 1.8
O 1.82
05 1.8 |
JOh 1.67
24 ©1.39
.03 2.13
.03 1.55
03 1.76
03 1.64
R 1.70
02 1.83
.02 1.8
L2 1.79
.01 1.79

S (3) Measured from tip of the:mli; cataiyct gons = L4,1" to 11.6",




TABLE XXVII-A, SUMMARY OF DATA FOR ACTIVITY TEST PRIOR

T0 60-HOUR RUN
Catalyst: Code A® Fuel: Propane
SV: 32,000 hr-1 Mixture: Stoichiometric
Hot Spot Oz Exit 02 Exit
OO T S 8 ) g Py
%0 1,064 k9 87.5 - 7.65 2,04 -
91k 2,06 1.3 64.3 2.80  1.03 1.20
983 1.017 39 - 8.6 9.62 2.26 1.32
1061 W92 .09 97.6 %.3  3.70 1.64
1073 932 .20 9.5 18.25 2.90 1.32
1063 K- 51 .05 9.6 76.2 .33 -
1053 .950 12 %.8 N2 A 276
TABLE XXVITI-A. SUMMARY OF DATA FOR ACTIVITY TEST PRICR
T0 60-HOUR RUN
Catalyst: Code A™ Fuel: Propane
SV: 50,000 hr-l Mixture: Stoichiometric
rez ?pt(,;) 1/T x 103 gn?.m % Oxygen ¢ Opiny 31n(0Oz in COz o
e 'K‘l % Vol. Conversion S_g_;out) (_03 out) % Vol
645 1.550 3.39 9.6 1.1 104 .03
739 1.353 2.87 3. 1.31 .270 -
81 1.228 2.36 37.0 1.59 399 .52
863 1.159 1.80 52.0 2.08 32 -
992 1.008  1.29 65.6 2.90 1.065  1.18
1071 0.935 a1 97.1 34.9 3.554 1.84

Xin admixture with inert ceramic; 1 volume catalyst + 2 volumes ceramic.
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TABLE XXIX-A, SUMMARY OF DATA PCR ACTIVITY TEST
POLLONING 60<HOUR RUN

Catalyat: Code A® | Fuel: Eropane
SV: 32,000 hr=l Mixturei Btoichiometric
Hot Spot ‘ 02 Exit -
Mi x) 1/" x 1 & Ccamruon (ﬁj i (%l’_‘_{) _1:%1.
01 128 2.93 20.6
805 L3 1.9k 87.5 1.9 U7 .63
696 116 1.28 65.4 2.89 1,061 1.02
976 1.025 58 8.3 6.61 1.888 1.2
1001 999 W . 15k 2,733 -
1033 967 06 - 985 61.7 b12 1.58
1068 936 02 94 18 5.2 1.26

TABLE XXX-A, SUMMARY OF DATA FOR ACTIVITY TEST
- POLLOWING 60-HOUR RUN

Catalyst: Code AW Fuel: Propane

* §V¥: 50,000 hr=} Mixture: Stoichiometric

Hot Spot 02 Exit . €02 Exit

R I i T € ) m(%‘;—;.g) i
693 b2 3,16 10 1.1 -
729 1.311 3.02 13 1.16 1487 -
789 1.266 249 29 1405 L3R 1.6
863 1.159 1.95 5 1.7% 58 .
935 1,07 15 59 2,11 .880 -
998 1.002 1.07 70 3.27 1.163 -
1061 o2 3 9% 10.3 2,338 -
1087 921 2 oa 1093 2.395 -

Bin admixture with inert ceramic; 1 volume catalyst + 2 volumes ‘ceramic,

a
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TABLE XXXI-A. SUMMARY OF DATA FOR ACTIVITY TEST FOLLOWING

Catalyst:

) H

g:;g?p?:) 1/'51;1103
813 1.145
936 1,068
1023 978
1046 956
1066 - 4938
1069 +935

®{n admixture

I L RN

G ST

REGENERATION AFTER 60-HOUR RUN ]
Code AW Fuel: Propane
50,000 hr-1 Mixture: Stoichiometiic :
02 Exit 002 Exit
Svi dmmae oomr 2(83) Sa
2.10 40 .67 513 .53 §
1,49 57 2.3 851 oTh f
.92 ( 3.79 1.334 .89 |
JCR W36 1 1.25
.60 83 5.8 1.762 1.07
L9 86 7.12 1.965 1.16 :

215
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with inert ceramic; 1 volume catalyst + 2 volumes ceramic
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TABIE XXXII-A, SUMMARY OF mmmmmum

CATALYST A(1) AND A STOICHIQMETRIC MIXTURE

OF QXYGEN AND JP-4
§V: 100,000 hr-1

Exit 02 Oxygen

Hot "
'l‘emp% 1/T x 103  Cone. Conv, Oxygen In
°K *k=1 $ vol. % Gxygen Oct Oxy Out

i'memt;

Oxy In CO2, Basis

O Conv,

676 1479 336 125 1.19
813  1.230 2.9 36 164
g1 1208 039 8 9.6
867 1.153 1,88 9.5 168

91 - 1210 154 57 2.4
989 . 1.011 o062, 8 . 6.06
103 0.967 0.2 %  17.90
1042 0.960 0,01 99.9 376

0. 17"
0.496

2.266
5.23%

0.897
1,802
2.88

15.930

>100
2100
73

3 # 8

(1) Diluted, 1 volume of Catalyst A + 2 volumes of inert ceramic,

e

TN

e PP T R
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TABLE XXXIII-A, PROPERTIES OF JET FUELS

M11-T-5161 G E%—M
_3-69-Cov* 9-00V:

Typical
Fuel JP=-7
Graviiy, °API k5.6
Water separometer index, modified 98
Viscosity at «30°F, CS 11.73
Color +30
Freezing point, °F 66
Existent gum, mg/100 ml 0.0
Potential gum, mg/100 ml -
Aniline point, °F 157.0
Aniline gravity constant or B.T.U. 7159
Lovibond number 78
Aromatics, % 2.3
Olefins, % 3.k
Flash point, °F 153
Thermal stability, tube deposit code #1

Thermal stabdbili'y, pressure drop, inch Hg 0.2

Distillation, °F: IBP 392
: 104 evaporated 413
evaporated 416
50% evaporatec 423
904 evaporated bho
EP 72

Recovery, % 98.0

Residue, % 1.0

loss, ‘ 1.0

Total sulfur, veight %
Mercaptan sulfur, weight %

Npatch identification code of Ashland 0il and Refining Company,

Ashland, Kentucky.

ERpreheater rating.

a7

AT R R [ TR I

7« T ot ot o e

PO T st R 4T b o i e ——— 4
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55.3
100
1.&

-£8.3
0.6
1.k

159
188

205
=38

353
uy2

971.5
1.0
1.5

0.166

0.0006

55.1
100
1.78
-68.8
5.4
6.4

24.9
1.5

lﬂ
0.0

168
196
211
243
354
420
98.0
1.0
1.0

0.155
0,0006

(Table Continued)

e e
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PARLE XXXIII-A, PROPERTIES OF JET FUELS (continued)

. ' Typical M11.T-5161 G (JP-h)
Fuel JP-T _3-69-cov® L69-COVE
‘Reid vapor pressure ’at 100°F, psi - 2.9 2.78
Net heat of cambustion, BTU/1b o - 18,551 18,717
Smoke point, mm , : - 23 o
. Copper strip cofrbsion - 1a la

" Water reaction - 1 1
Anti-icing additive: Top, volume % - 0.149 0.123
- Middle, " - 0.145 0.120
Mtﬂ; » ' - 00135 0.122
Composite, " - 0.143 0.122

Metal deactivator, 1b/1000 bbl - 2. 2

8

Antioxidant, 1b/1000 bbl - ' 8

’Batch identification code of Ashland Gil and Refining Campany, ‘
Ashland, . !(entucky
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KINETIC INTERPRETATION OF CATALYTIC COMBUSTION DATA
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APPERDIX B
KINETIC INTERPRETATION OF CATALYTIC COMBUSTION DATA

The rates of processes occurring in plug flow reactors frequently reflect
the law of mass action; that is, they shov a dependency on the concentration
of one or more of the reactants. If the overall rate 1s directly proportional
to the concentration of a reactant, the reaction process 1s described as fsrst-
order and, assuming constant volume, the following relationship obtains: 1

% - ln(r_%-i;) where
K = reac-ion rate constant
= Ae -4/t
V = volume of the reaction zone ,

Q = volumetric flow rate of reactants

Ca
Xp=1- T " conversion

Cp = outlet concentration of speciés A |

Cao = entering concentration of species A

T = absolute temperatufe in reaction zone

B= E—R

E = energy of activation for reaction

R » gas constant

A = frequency factor, a system constant
By substitution of Ae ~/T for K and 1-Cp/Cpq for Xa and taking the logarithm
ve have

in .YQA_ - .%. a ln[ln(cg'ﬁ.o)] = lnin H

A » 02 out) .

Hence, & plot of 1ln ln(gg—l'—ﬁ v8 _1.. yields a straight line with a slope
Of -Bo T ) '

If, on the other hand, the overall rate is directly proportional to the
concentration of each of two reactants, or to the second power of the con-
centration of one reactant, the reaction is said to be second order. The
£o)loving expression obtains: (1) '

- from wvhich substitution for X
T "X vy | A

- NI s e



Ca

‘c -
A AQ -B/T
ng - CA and oy substitution of Ag for K

Cho

CacVA  =8/7  Cpo
. commmmme & " e—
« CA

and by taliing the logarithm

[CaoVA B Cao
1n ( Q - -',f"' - ln E_-

A
0z in
= ln(éz out

. dence, a plot of 1n 8%7%%? & —%— ylelds a straight line with slope of

=B. Especlally when processes occur through a succession of steps, it ie
nornal to find a frectional-order relationship governing the overall process,
i{.e. the reaction order 1s not exactly 0.0 or 1.0 or 2.0, but somewhere in
betwecen.

Incpection of the plots indicated adbove shows 1f the overall reaction
adheres to first or second order kinetics. In cases where stoichiometric
mixtures of reactants are used, the initial and finel concentration of either
reactant can be used. In the present experimental program, the exit gas
volume 1s only slightly greater than the entrance volume, snd the error intro-
duced by this deviation from constant volume conditions is negligible.

Certain reactions involving two reactants have been found to proceed at
rates governed entirely by the concentration of one of the reactants, in which
case the rate is said to te zero-order with respect to the other reactant.
Such is known to be the case with the catalytic vapor phase oxidstion of pro-
pane, where the rate is essentially zero-order with respect to oxygen concen-
tration.

REFERENCES
1. levenspiel, Chemical Reaction Engzineering, pp 48-50, John Wiley and Scus,
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APPENDIX C
METHOD OF CALCULATING REACTION RATE CORSTANTS

The reaction rate constant is obtained fram the rate equation (Appendix B):

K- 1"(1-1x

ani the Arrhenius equation:
. K - Ae'B/T

where all the symbols are defined as in Appendix B. The value of constant

K varies according to the terms and conditions used to define the volumetric
flow of reactants. For example, these flows can be given at standerd condi-
tions or at the conditions existing in the reactor. 1In this experimental
program, the flow of reactants measured at 14.7 psie and 22°C (295°K) is the
standard bacis for space velocity (SV). By definition, SV = Q. Therefore,
under these standardized conditions: v

- o0 (20

For systems involving stoichiometric mixtures of two reactants, concentration
measurements on either reactant are sufficient for determination of the rate.

-constant.

It can be informative to calculate reaction rate constants using volu-
metric flovw rates (Q) representing actual conditions in the resction zone. In
a series of runs made at different pressures, for example, the effect of
changes in reaction pressure on the rate constant can be evalusted. Thus, if
PR and TR represent the actual reaction pressure and temperature, and Pg and
Ts represent the standard conditions on which space velocity is based:

xa-m@f-X e ()

Example:
Run No. JT - 6A
sV 150,000 hr-1
TR 600°C = 873°K
PR 29.12 psia
Oz in - 2.76%
Oz out 1.18%

- 150,000 }873]14.7 2. 76)
8 hr l295! e EEL

Kz = 190,800 hr™! or 53 sec™}
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APPENDIX D

WATER RFMOVAL STUDIES

SUMMARIES OF TEST DATA
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TABLE I-D. 'SUMMARY OF TEST DATA POR CaSOg

AR 5 S o s et e .

Temperature = LO°C

Volume Space |

PR P = v i P
43.6 5700 | - 329 0,03 zero 20
150.4 s0 . B2 L6l . 0.6 20
222.6 5700, 1042 < k.32 0.23 20

- 265.2 5700 © 129 - 5.8 0.73 20
317.2 5700 1. 6.87 2,01 70
365.6 570 . 1238 1.8 3.2 400
388.8 s0 . 12.29 . 821 b3 1000

(a) Volume of gas through each tube & bulk volume of agent in tube.

TABIE II-D, SUMMARY OF TEST DATA FOR CaSO4
Volume Space | . ‘ ‘
of Gas  Velocity(8) water Pickup, 100 x Wt Gain & Wt Agent  Efficiency
(liters) (hr-l) U-Tube # 1 4 D‘""u'-"’ﬁ%'e' ¥2 '_U:’rube':!!%3 - (ppaa)

Temperature = 100°C

-SSR - R 32,200 ave
- Temperature = 95°C

2.3 s o 0.06 0.08 eso

20 120 236 L2 0.8 3,960 ave

(a) Volume of gas through each tube & bulk volume of agent in tube.

-y v
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TABLE III-D.

Space

Temperature = 100°C

SUMMARY OF TEST DATA FOR CaCla

R A = 05 = - S
99.2 5700 3.2 0.31 0.06 16,700
55 5700 6.73 1.8% 0.30 18,000
339 5700 7.76 3.80 0.59 18,000
183 5700 9.78 5.48 2.73

€15 5700 1.33 5.9 4.57

865 5700 14,18 7.99 5.16 20,400

(a) Volume of gas through each tube & bulk volume of agent in tube.
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18 |

16 |-
15 }=
-
LK
12 L
N

0 L

100 X WT. WATER ABSORBED/WT. AGENT

3 TUBES IN SERIES
$V EACH TUBE = 5700 he~'

EFFICIENCY, PPM H20-EXIT GAS

——— e ] - — - ——— e - - —

23,900 23,900

1 lTUBE 3 0O

100

00 500 700 - 900 1000 1200
TOTAL GAS YOLUME, liters

FIGURE 2-D. DRYING PERFORMANCE OF 8,0; AT 100°C
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100 X WT. WATER ABSORBED/WT. AGENT

12}

3 TUBES IN SERIES

n SV EACH TUBE ='5700 he ™'

10}

1+
6 |
EFFICIENCY, PPM H20-EXIT GAS
s —— S k - IS G F ————— —-— D NN GEgn  GumE Thne GAD  GwEm

TUBE 13
B -0
0
[ i
0 50 100 200 300 400

TOTAL GAS VOLUME, liters
FIGURE 3-D. DRYING PERFORMANCE OF LiCl AT 80°C
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REFER FIG. 1-D
TEMP. = 100°C
SV = 5700 he”™’
0.07 |-
0.06 |-
0.05 }-
>
g
153
q
0.04 |-

0.03 | TURE- N

0.02

2.01

100 200 300 400 500 600 700 800
TOTAL GAS YOLUME, liters

FIGURE 4-D. WATER ABSORPTION RATE FOR CaCl,
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280

260
240
220 !
: ' LEGEND
200 Area 1~Solid anhydrous CaCt, 4 CaCly. H,0 -
l Area 2—Solid CaC1,.H,0 4 Solid CaCl1,.2H,0
180 —4 5 Ares 3—Sotid CaCl,. 2H,0 + Sofid CaCly. 4H,0 -1
t': Area 4--5Solid CaCl;.4H,0 4 Solid CaCly. 6M,0
w 160 Area 5-Solid CaCl,. 2H,0 4 Saturated Solution —
3 Area 6—Solid CaCl,. 4H,0 + Saturated Solution
< 140 —  Ares 7-Solid CaCl,.6H,0 4 Saturated Solution  _..
& Area 8-—-Homogeneous Brine
s
W o120 i ‘
Ol T e .
e
80 i i {
60 \\
{ L3 7N\
40 t i \
20 { l
oLl ] 1\
0 0.5 1.0 .5 2.0 2.5 35

POUNDS WATER/POUND CaCl,

' FIGURE 5-D. CALCIUM CHLORIDE PHASE DIAGRAM®

®Gas Conditioning Fact Book, p. 279, The Dow Chemical Ccmpeny,
Midland, Michigan, 1962, ;



APPENDIX E

CALCULATION OF HEAT AND MATERIAL BALANCE

ST FLIGHT PLAN NO. 1.
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APPENDIX E
CALCULATION OF HEAT AND MATERIAL BAIANCE
SST Flight Plan No. 1

Average Conditions

“he following calculations are based on the dats and assumpticns stated

in Section V 6 i, Reference is made to the flow diagram appearing in

1.

2.

De

Molur volume at assumed conditions

Py = 5.03 psia
Ty = 200°F = 660°R

Vy = %“9-2—7 X 359 x .2_6%). = 1,507 £t°/1b-mole

. 3 .
Amount of air required to supply 1,000 ft /min dry ballagt gas at

-above conditions

1,000 x 1.0811 = 1,081 £t°/min air
1,081 21,407 = 0,768 1b-moles/min air
0.768 x 28,9 = 2221 1b/min air

Amount of water formed

1,081 vﬁza/min|0.21| mole | 0, | 18 1m0

| oo | 1307 %] 1.u’| mole
= 208 1b/min water

Amount of heat removed by the air during its preheating in H.E. No. 1 and

in the reactor jacket
| at 6@'?, h6w = 142 BTU/# '
at 1,112°F, hyy9o = 276 BTU/#

Q1R = (M112- bgoo) x WaTR
= (276 - 142) x 22,21 = 2,980 BTU/min

23



9. Maximum amount of heat that can bLe removed by the fuel (allowing all the
fuel to reach €UCTF)

140 BTU/1b fuel

it

at 30C°F, hipo

at 600°F, hgoo

%1 " "
a) engine at crulse operating conditions
o QFecruige = (351 - 140) x 712 = 150,000 BTU/min
b) engine at idle operating conditions
Qp-idie = (351 - 140} x 140 = 29,540 BTU/min

€. Amount of fuel to use for combustion

Reaction: 1,65 C9H2o + 21 0 4+ 79 Ny —+ 79 N5 4+ 13.5 CO> + 15 H.0 + 0.15 C9H20 ,

{or 1.65 Cg“ao + 100 Air)

_22:21 4 (1.65 x 128)
25.9 x 100

1.623 1b/min fuel

L]

= 0,24l gpm at 60°F

= 0,278 gpm at 300°F

0.331 gpm at 600°F

7. Molar quantities

No. of moles of fuel used = 1.523/128 = 0.01266 moles/min

No. of moles of air used

22,21 /28.9 = 0.766 "
No. of moles of O used = 0.21 x 0.768 = 0.1614 "

No. of moles of N> used = 0.79 x 0.766 = 0.607 "

Total flow of air-fuel mixture = 0.781 moles/min

23.83 1b/min
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. 8 wei.ghtn and volumes of components in the air-fuel mixture and the moiat.

bailast gas (see reaction in 6.)

Incoming air-fuel mixture:

. Comp. No. moles Mol, Wt, No,x M.W. Wt. 4. Vol. 4 Wt. actually used

Choo  1.65 128 2112 6.82 162 Le
0 2 32 672 21,71 20.66 5.18
' N2 19 T 28 2212 7MY TT.72 17.03
 YoLé ;—o;_--s- 100,00 100,00 z:g;

Ry I)eaving moist ballagt gas:
2 79 28 2212 4T T3.39 17.03
€O ' 13.5 by - 59 19.19 12,54 k.57
Hz0 15 18' 270 8.72  13.93 2.08
Cfioo  0.15 128 19 o6 o 0.15

107.6 3095 100,00 100,00 23.83
¢. Some relationships: ' )
Weight ratios: Oy : Air = 0,233 1b O/1b Air

0z

"Molar" volume increase ratios due to reaction, etc:

i

No = 0.304 1b Oo/1b Np

- Incoming mixture 101.6
Incoming air 100

= 1,016

" Moist ballast gas 107.6 '
Tncoming alr = 100 1‘076_

Moist ballast gas __107.6 _
Tncondng air-fuel mixture = 101.6 1.059

9, Preparation of the air-fuel mixture

a. Heat Content of the Mixture (ascume fuel is liquid):
Sensible heat in liquid fuel at 600°F = 351 BTU/#
Sensible heat in air at 1,112°F = 276 BrU/#

- Qy = Heat content of mixture ,fwP x bp 600 + WAIR X PAIR, 1112
= 1,623 x 351 + 22.2 x 276 = 6,700 BTU/min

236
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b. Required Heat Content of the Mixture with Vsporized Fuel
heat of vaporization of fuel at €OO°F = Ap 600 = 100 BTU/ 4
Qpy = A * "f X IF,€00 = 6,700 + 1,623 x 100 = €,860 BTU/min

c. Assume the desired mixture temperature = 932°F

Sensible heat in liquid fuel at 600°F = 351 BTU/#
Heat of vaporization ‘ =100 "
ASensible heat in fuel vapor, 600 to 932°F. =232 "

Heat content of fuel vapor at 932°F = 683 BTU/#
Sensible heat in air at 932°F = 225 BTU/#
Hcét content of the mixture at’9}2°F =
683 x 1.623 + 226 x 22,2
Qgsp = 6,130 BTU/min
Change in heat content = Q32 = Qy
= 6,130 - 6,700
th = - 570 ‘BTU/min o5 _excess heat
d. Assume the desired mixture temperature = 1,112°F (600°C)
By similar calculstion:

Heat to add = Q1112' QM
= 7,490 - 6,700 = 790 FIU/min

- The power requirements for making up this ¢~ficit by resistance heaters:

| Electric pover = (BTU/min) x 35%8‘ Kw

s%x—sqslhxv

e. Temperature of the mixture without additionel heat, (that is, with the
total heat content = Q).

By trial end error we find: t = 1,012 °F = 544 L°C which is suffi-
cient to initiate the reaction,



" 10. Heat evolved in catalytic combustion

Ay for JP-T = 18,750 BTU/#

for 100¢% conversion: AH g = 1.623% x ':_ILJ? x 18,750 = 27,670 BTU/min.
~11. Eeat content of gas leaving reactor bed

temperature = 725°C = 1337°F

h vater vapor = 1,711  BTU/# Wooo YBPOT = 2,08 1b/min

h gas = 335 " WDRY o] = 21-75 "
’ Ql,}}? « 2,075 x 1,711+ 21.75 x 335
= 10,850 BTU/min

- 12, Anmount of heat to be removed in the reactor bed

Qg = Enthalpy of air-fuel mixture entering reactor (Qy) _
‘ + Heat evolved in catalytic combustion @ H.p)
- Enthalpy of moist gas leaving reactor bed at 1,337 (Q1’557)
s Qg = 6,700 + 27,670 - 10,850
.~ = 23,520 'B'I'U/min

13, BHeat exchange capacity of available cooling water

AS ver calculations for cooling in H.E. No. 3 and the gas drier

(16, 17 and 18) the amt. of available cooling water and its conditiocns
are;

. Hﬂzo = 27 lb/mn
t = 200.5 °F
h = 168.6 BIU/#

If it 1s assumed that this cooling water leaves as saturated steam at
212°F vith hyyp = 1,150.4 BTU/ # the amount of heat that can be removed is:

Q.0 = ¥,0 (B2yo = Booo.5)
= 27 x (1,150.k - 168.6)
= 26,510 BIU/min



In these conditions the molst gas would leave with

n

%.B.G. W BHor - Qo

61700 + 27)670 - 26)510

7,860 BTU/min

This heet content corresponds to a temperature of 905°F , where
h water vapor = 1,48..88BTU/¢¥ . 2.08 x 1,48..8=3,090 BTU/min

h gas = 219k " L 2L75 x 219k =k, 7700

7,860 BTU/min

Note: Thus, there is an excess of cooling water capacity for the
combustor. In order to leave sufficient heat in the exit gases
' to preheat the combustion air to 1112°F (see below), a motorized
valve is used to dump the excess water,

14, Preheatirng of air

Achieved in resctor jacket and HE No. 1 (later calculations may
show that jacket surface is sufficient, or that the jacket heat
transfer is negligible).

Adlr out Adr in
W=22l #/min W= 2221 #/min
t = 1,112°F t = 60G°F
h = 276 BTU/# h = 1L2 BTU/#
N Reactor Jacket [°
Resction fuel out and HE No. 1 Reaction fuel in
weg = 1.023 # /min WFR = 1.€23 #/min
t = 600°F t = 350°F
h = 351 BTU/# h = 170 BTU/#
Moist Ballaest Gas in Moist Bellast Gas ocut
W = 23.03#/min W = 23,03#/min
W.B.G. in =10,80 Bru/ri @4.B.C. out = ?
t = 1337°F

QuzR = heat removed by air = (harg OUP = BAIR IN) X Warm
= (276 - 142) x 2221
= 2,980 BTU/min
SrR = heat removed oy inerting fuel = Wpg (hpg OUT - hpR 1)
= 1.623 x (351 - 17C)
= 294 BTU/min
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%CB.GO O'JT - %m’ IN - (QAIR + Qm)
= 10,845 - (2,980 + 2oL)

= 7,575 BTU/min

. 15. Cooling with fuel

Fuel out - Fuel In
t assumed = 350°F | t =300°F
h = 170 Bru/# - h = 1L0 BTU/#

' : 1 VYpuer = ?

HE No. 2

Mist B.G. in , Moist Ballast Gas out
W.B.G, = 23.83 # /min , Va.B.G. = 23.53 #/min
Q= 7)575 B'I‘U/min = 7

t gsumed = 3LO°F

o L T
DTy Bug. 3

¥ ¥ig0 = 8,06 $/nin

The maximum amount of heat that can be removed ty the fucl (if ellowed to

reach 600°F) is 351-140 = 211 BTU/1b for the total flow of fuel to the engines.
Only part of this flowwill be needed. We can assume an exit temperature for
the fuel and calculate the required quantity.

tyuEL our = 350 °F
hpugr our = 170 BrU/1b.

"We have also to assumel the exit tempersture of the moist ballast gas. ' Since

the fuel enters at 300°F, the ballast gas may reasonably leave st =Lo F. Thus,
the heat to be reroved from the ballast gas is:

Bhyga = Qu.5.G. I - [(¥ge0 x B0, 350 * (WiBG = "Hzo) x hDry B.G.,340)]
- =T,575 - (2.08 x 1,211.7 + 21.75 x 75.2)
57,575 - 4,150 = 3,425 BTU/min
And the amount of fuel required is:




1", Cooling with wnater nnd partial condenzntion

H.0 out H:0 irn
t = ¢10°F t = “5°F
h o= 178 BTU/F h = 33 BTU/#
oo = T
H.E. No. 3 ra
Moist B.G. in Saturntes Ballast ypac out
Wyng = €3:53 #/min t accumed = 100 F
W10 vapor * 2.08 #/min  Condenced Hz0 ey BG = P70 #/rin
WDRY 3 =" 21.75 #/min U = 1C0°7 “1"x0 vapor = ?
= LR = £ I - = 5.2 BT '
L T e Brumin DeO119-,1007 8 BV e vasor, 1oger " LiAgs-2 P/
Sups, 340 = © 190 ETU/min Wogm y g = 7 “eas, 100°F 3 Al &
: }stc, 100 =
~

For eaturation at 100°F tie water content of the exit ges is We = 0.0L32 ¢

K20 vapor/# dry gas. Thus, the esmount of water vepor carried vy the gatursted
vaillast gac leavi:;,_ H.AE. #3 ic: 0.0L32 x 21.7% = 0.94 1%/zin = h’:,izo Vep, 100
and the emount of ccruensed welter is

Wronp. Hp,0 & 2-08 - C.9% = 1.135 1b/min

C'Dx',v B3, 10C ~ wDry BG X Pgas, 100 = 2L.70 x 1T.1
372 BTU/mia

Qﬁzo vapor, 100 b w}to vap. 100 X hH20 vap, 100 = 0.914 b 4 1,10:‘-2
= 1,639 27U/min

Scomp. 1.0, 100 = WcomD. H20, 100 X B0 1ig., l0c = 1-135 x 48
= 7T BTU/min
Qspg = 372 + 1,039 = 1,411 BTU/min
Heat removed in HE No. 3 = QVBC-,3!AO - Z.Q
Qp, g3 = 4150 - (372 + 1,039 + T7)
= 2,662 BTU/min

Amount of water = QRI HE3
5520,210 - Bx,0, €5

2,662

Va0 = TB- 33

= 18.5 #/min

2
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"17. Gas Drie:r

o Assumed all water removed. As mentioned before, the heat of wate
‘adsorption AHpp = 1,500 BTU/# includes the heat of condencation hey = 1,050
BTU/#. Since the heat content.of saturated ballast gas Qgng includes the '
latent heat of vaporization, the net heat of absorption has to be used in
the calculations, thusg '

{Hea NET * 1,590-1,050 = 450 BIU/#

‘Wpry pg = 2.75 #/mi

Water in ' ' ) - Water out
t =65F - L t = 150°F
h = 33 BTU/F - h = 148 BrU/#
Wi20 = ¥ : .
Gas Drier
Saturated BG in : AHTA: Nep = 450 BIU/# Dry ballast gas out —>
t = 100°F i ‘ T = 200°F

hDRY BG, 200 = 39.5 BI’U/#

WHe0 vep = 0:9% #/min "Ry BG = 21.75 #/min

QspG, 100 = 1,411 BTU/min

QIF = QSBG, 100 * Wy0 vap X Hpa, mep
1,411 + 0.94 x Uso '

1,834 BI_'U/miln

%RY BG, 200 = ¥DRY BG X PDRY BG, 200
21.75 x 39.5 = 859 BIU/min |

BQgas prYER = Qqn = Qour = 1834-859 = 975 BTU/min.

Amount of water = AQGAs DRYER
hﬂ?q: 180 - hHZO, 65

Qour

" 7148 - 33
= 8.5 1b/min

18. Total cooling water required

: Combine the amount used in HE #3 and the gas drier, plus any addi-
tionel that may be necessary for the reactor cooling. ' '
VEE 3 * WoAs prygr ® 18:5 + 8.5 = 27 1b/min
' W X hoys + h
Aversge heat content = HE 3 210 * “oAs pRYER X P18o
' WHE 3 * WGAS DRYER

18.5 x 178 + 8.5 x 148 4,551
= 18.5 + 8.5 = =97

22

i v a5 RO T B a1 oA <t © 4 e s a1 e

i e e bt e



N,

= 166.6 BTU/#

This corresponds to average water temperature of 200.5°F.
The above emount of wrter at the resulting temperature 15 more than
cufficlent to pertorm the required heat removal in the catalyct ted. It
should be noted taat the water condensed in HE 3 is available also.
;
{
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APPENDIX F ' )

DESIGN CALCULATIONS, EQUIPMENT FOR

SST FLIGHT PLAN NO, 1
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APPERNDIX F

DESIGN CALCULATIONG, EQUIPMENT POR
- __SST FLIGHY PLAN XO, 1

I. Pipes for Preheated Air and Fuel
These are sized to handle flaws during the normal descent period.
A. Air Pipe |
WoTR = 0.8615 lb-mole/min. = 2.9 1b/min, = 1,454 1b/hr,
t = 1,112°F . }
P = 57.3 psig (.*. P = 62 psia)
VAIR = (27é £t3/1b-mole) x 0.815 1b-mole/min, = 234.3 cfm
/AR = 0,1063 1b/ft3 |
JAatn = 0.039 centipoises = 0,0000262 Iby/ft. sec.

' Using stainless steel tubing, 2 3/8" OD and 0.065" wall thickness
we get (from charts and nomographs in "Flow of Fluids"™ published by the

Crane Company):
U~ = average velo;::ity = 9,500 ft/min - 160 ft/sec.
Re = Reynolds number = 105,000
f = Moody's friction factor = 00,0213
A P,g = pressure drop per 100 ft. pipe length = 2,7 psi

w, = weight of pipe = 1.61 1v/rt.

a tubing weigh 16.1 1b. and the equivalent length (2 tees) is 4O ft. giving

a pressure loss of (4O x 2.7) 2 100 = 1.1 psi.

The tubing to supply the air to the vaporization chamber will be

Consequently, as per Figure Fal énd the distance from HE 1, the 10 ft. of

13/16™ 0D, with 0,03'wall thickness and weighing 0.4 1b/ft, while the pressure
drop is A Plgo = 1,0 psi. Its length is about 4 ft, weight is 1.6 1b, and
1

e vy g A

the equivalen
of 0.1 psi.

Weight air lines = 17.7 lbs.
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ength (reducing tee and bend) is 10 ft, giving a pressure loss
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Figure F-1. Air and Fuel Feed System

B. Fuel Pipe
For 0.371 gpm, using 1/8 inch schedule 5 pipe: A Pjgo = 0.4 psi
and W, = 0,14 1b/ft. We need 8 ft. of tubing, its weight is 1.1 1b, the
equivalent length is 10 ft, and the pressure loss 0,04 psi.

Thus, the weight of the supply piping is 17.7 + 1.1 + 0.5® = 19,3 1bs.

Weight all supply lines = 19,3 1lbs.

II. VYaporization and Mixing Chamder
A. 8Size and Weight

The chamber must handle the design quantity of fuel (0.371 gpm =
1.82 1b/min) and all the air the nozzle requires, The remainder of air is
routed to the jacket of the pipe leading from vaporization chamber to
reactor. The chamber sust be able to withstand the highest pressure at
which air may be delivered (14.7 x 15 = 220 psia = 205 psig).

The shape and size are governed by the angle and length of the
spray projection cone, and the denirc. to minimize the pressure drop.

Mpdded for fittings (extra weight over straight pipe).

a7
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For spray nozzle choice:
Fuel rate = 0,371 x 60 = 22,24 gph
Air rate = 0,8615 x 359 = 309 scfn
Available air pressuie = 16,9 psig

The design will be based on commercially available nozzles; hovever,

| especially designed two-fluid pneumatic spray nozzles are possible. For a

round spray pattern cone and above fuel rate, the spray cone angle is 20°
and the length of the laminar type spray projection cone is 39", .

The air capacity of the nozzle is 6 scfm; cu.cequently, the bulk
of the required air bypasses the chamber,

In order to minimize the pressure drop, the downstream end of the
vaporization chamber is shaped as a convergent cone with a 30° angle (based
on design of a venturi). It is estimated that the pressure loss across the
entire vaporization set-up (that is, including the nozzle) will be 20% of
the pressure in the supply line, namely 9.38 psi.

" The length and width are determined trigvonanetricmy.‘
The thickuess of the chember is based on the highest possible

pressure (220 psia) and temperature (1100°F), using a tensile stress of
10,400 psi for Type 316 SS. ‘

t=FPD = 220x1 - 0.16"
"5 " Frivgw - ¥
Therefore, use 3/16" thick sheet.
The weight of the chamber is: .
Lateral area cones x t x 1b/inch3 = Weight
R R :
3 ¥p (GIm1o® * sInis° ) x 3/16 x 0.29

: 701‘ 7-"“ ‘
=3 3.146 x 15 (3.1736 *+ 0.2588) x 3/16 x 0.290
= 0] 1b.

Weight of chamber = 91 lbs.
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B.. Outlet Pipe

Decigned to carry the air and fuel vapor. In order to minimize
the possibility of explosion, the mixture from the chamber (which is fuel-
‘rich) travels in the inner tube while the rest of the eir *ravels separately
in the jacket space, To zonlinue heating the mixture while on its way to
the resctor, the inner tube ig provided with external longitudinal fins, as
in Figure F-2.

- 240D 0065 wall
24 fFing 0"2.'2“ Io ' ¢S kb\-\é
20 BuG (0.0 p) .

h 035" ,b\u'éhl'

‘g 3 De).2S "oo 0.01¢" us',

"") O;'1:218°I0 88 bt w3

o\ .
. 24 )\(a‘kg elevacnts

D" < (a]e] °

Figure F-2. Iransverse Section, Outlet Pipe

: For preheating the air and the system at the start of flight, resistance
heating elements are placed inside the jacket space vhere the bdbulk of the flow !
takes place. No elements are placed in the inner tudbe bdecause pressure drop ‘ '
here is more critical, due to the loss taken in the nozzle and vaporization
chazber,

1. Pressure Drop in the Annular Space i
Py = Wetted perimeter ‘ :
Py= TDp ¢+ WDy +2hx2hy) +24 ¥y ‘ ‘:

= ¥(2.12 + 1.25 + 24 x 0,125) + b8 x 0,375 | '

: oo . - 38.01. - 3.17 ¢t
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Ag = cron-uction annular space

A..‘n'Dl (__?_+2hhlb+2h__n.‘ﬁ_>
U%——— (mul_zf. + ehxo375x0035+2u1’£-g—1-2-2-)

= 1.70 inch?® = 0.0118 £t2

dg = equivalent diameter

= 0.0149 ft
Gy = mass velocity in annulus
1b,
% D)

- (24.9 - 0.48) 60
0.,0118

= 124,000 1b/(hr) (£t2)

Re = Reynolds number

Re = de (n) X GE
TUZT Xz (centipoises)

= 0.0lhg x 1214!000
2.42 x 00039
= 2‘600
f = f‘r:lction factor

0.000235 (1)

Ap = pressure loss
length of pipe = 2.89 ft.
viscosity ratio = (u/ /lﬁr)o‘lh = 1.2

2]
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8 = specific gravity = 0,00129

Ap = £ Ga® L
5.22 x 10410 x de (ft) x 5 x Py

0.000235 x (124,000)2 x 2.89
= 5,22 x 1010 x 0,019 x 0,00129 x 1.2

= 8,66 psi

Pressure drop in annular space = 8,66 psi

2. Pressure Drop in the Inner Tube

The fuel-rich mixture froa the vaporization chamber contains
0.48 1b/min = 29 1b/hr air and 1.82 1b/min = 110 1b/hr JP-7. Thus, for the
mixture

=

= 139 1b/hr

V = 2,833 rt3/w

p = 0.353 1/rt3

fl = 0,024l centipoises

Using a 12" OD 316-SS tubing with 0,016" wall thickness, 1.218"

ID (and 2L fins on the outside) the pressure loss is 0,3 psi/100 ft, hence
in the 2.89 feet of pipe the loss will be 0,01 psi, or negligible.

Pressure drop in inner tube = negligible

Thus, both the fuel-rich mixture and the air reach the
combustor inlet at 37.5 psig (52.2 psia).

Pressure at combustor inlet = 37.5 psig
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3. Weight of Tubing

14~ 0D tubing: 0.8 1v/rt : 2.3 1b.
‘fins: 1.05 1b/ft (for 2 fins) 3.0 b,
2i" 0D tubing: 1.6 b/rt L.6 1v.

. heating elements, for 24: 1.2 1b/ft 3.5 1b. |

Added for the tee 0.2 lv.

Total 13.6 1b.

Weight of cutlet pipe = 13.6 lb.

C. Startup Heaters _ ,

"It is necessary to prehesat the air-ﬁtel mixture, at the start of
the flight, to a temperature of 1,012°F.  The resistance heating elements
inside the annular space of the jacketed transfer pipe serve for either
initial or additional heating of most of the air. The fuel and air passing
through the vaporization chamber must be heated for startup in the chamber,
however, and this is done by means of heating elements placed around the
walls of the chamber. _

' At the start of the flight there 1s a demand for 43 scfm of ballast
gas or 43 x 1,081 = 46.5 scfm air (= 3.743 #/min.). The amount of fuel
required for this quantity of air is 0. 27k 1b/min = 0,041 gpm = 2,46 gph.
At these ccnditions, again 6 scfm of air are required for the mporization.
Thus: : ,

VAR = 6 scfm = 0,483 lh/min.

tAIR = 250°F (or less, since all equipment is cold)
m’ 250 F "_2_'$.__L
Vpyel = 0.27% 1b/min,
. tFuel = 60°F

hPuel’ 6°.F = 12.8 B‘IU/#
and at the desired temperature of 1,012°F

hpsps 1012°F = 246.7 BTU/#

hpyeys 1012°F = 751 BIU/#

Q = 0.483 (2u6.7-52.2) + 0.274 (751-12.8) = 296 BTU/min.
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The required “heater” 1is

2 60

Allowing for losses, the heater is sized at 6 XW, and its weight {5 12 1b.

Heater size = 6 KW
Heater weight = 12 lbs

III. Total Weight of Air and Fuel Feed Equipment™
Supply piping 19.3 1b.
Spray nozzle 0.6

Vaporization chamber 91

Outlet piping 13.6
Heater 12
Total 136.5 1b.

This figure does not include the weight of a flow control device to
regulate the flow of air to the nozzle under all flight conditions. The
device is visualized as a flow meter in the air line to the nozzle, con-
nected to a throttling valve in the air line to the jacket of the chamber
outlet pipe. Its weight is included under Controls.

Total weight of air and fuel feed equipment = 136.5 1b.

IV. Combustor

The combustor is shown schematically in Figure 33 and 3k. Design of the
individuval components follows.

A, Size and Distribution of Cooling Tubes

Although other alloys may be advantageous, 316 SS 1s assumed.

®omitting insulation
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'316 88 tudbing: ODy = 0.25"
vall thickness = 0,020"
. m, = 0.21"
Fins: fin height, by = 0.375"
fin thickness, the = 0,035"
number of fins, Np = b fins per inch tube

! _
L) P— 1Y T ! ? L
[ : ¥ . a3 ®
2.25' —— FueL - Air MinxTaee  From Varwer2n7ion CHAMBER nast 3' 35
; AT 4 l 1.
Luusa CATAULIST
SureaT SceeEN
Pigure F-3, Details of Combustor Core
. 1 —sfle—c.0s¢* T ; T ‘ [
- y N - :0.375"
e L "ls"’c'? 5" g.os’
—T—————;—‘ e ey |
: ? T [}
- oot- oS (%] - . _-.—l.—-- ‘.o -OD‘G
. i | l.» prongst
' U
. -—:-* °~2$ r‘——'
] Figure P-i, Detail of Finned Tubing
| |
o |
o { ‘
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Tigo ™ Outside radius of inner screen = 1.687% inoh

r = radius of centers of heating elements = 1,7875 inch

ry, Ty etc. = radii of centers of cooling tubes

Tost = {inner radius of outer screen = 9.6 inches

Toso ™ outside radius of outer screen = 9.8 inch

ryp = inside radius of outer combustor wall = 10.5"

= outside radius of cuter combustor wall (= outside radius

Toa
of cambustor s 10.625")

Figure F-5. Detailed Cross Sectiom of Combustor Including
Distribution of Cooling Tubes and Heating Elements
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Heating elements: D, = 3/16"
vhere M. /b = number of tubes per bank:

mean circumference = W Qpean = 3.1416 x 11.6 = 36,44 j.nch_A

® &
nqmbcrdwbes- '—‘%a

30.71 x 7 = 215 tubes

check:

Note: radial distance detween centerlines of tubes is 1.1 inch and

3.k
1.19

Mumber of tubes = 215

between edges of fins is 0.1 inches,

30,71 tubes

B e TR

e r———— S i o e Wprn s el

4 Spacing ' Camlative
T 4 ¢ to ¢ ] between fin- Fumber of
v, dnch | 4, inch | ipen M/ inch edges, inch Tubes
moe2.7875| 35T | 123 | me30| o3m | 0.8 | —
r = 2.5 s0 | 1| 12 1.31 0.31 12
ry = 3.6 7.2 | 2262 18 1.26 0.6 0
Crgmblg o | 29.53| au 1.23 0.23 sk
n=58 | 1.6 B | 3 1.175 0.175 85
r5 = 6.9 13.8 b3.35 | 37 1.17 0.17 122
rg = 8.0 16.0 50.26 | 43 17 017 165
r7 = 9.1 18.2 57.2 50 1.1k 0,154 215
mean spacing = Torai e Tbes * B3 * 119 inches
' wdy +d 4 . 5.0+18.2
mean diameter T = 2——2——— n.6v inch
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B. Data
Ve velght gases/min. at design conditionz.
W Vamm * Mger |
-2h.9+ 1.6 é§.72 1b/min.

Gas flow rate = 1603 1b/br

tyg = LBPF  Tpg = LTITR
p = 36.9 psig P = 51,6 psia
Vm = molar volume, £t3/1b-mole

P
Vg = 0y T
B .ronop

- & 1,797 . 3
ok x 359 x HIZL = 3735 £t3/1b-nole

VoA = volumetric flow rate of air, ft3/min.
Vair = Vm x Npp
= 373.5 x 0.8615 = 321.8 ft3/min.
Vruel ® Wpye1 x (vruel x ;9- )
= 1@ x (8.58 x 1) = 4.5 fdfuin,

VA.p = volumetric ﬂ.ov rate of air-fuel aixture
VAP * VATR * Vruel
| = 321,8 + 4,5 = 326,3 ft3/min, .
Vypg = volumetric flow rate moist b&llut gas
VuBe * VM X MR X (Nypg/mole air)
= 373.5 x 0.8615 x 1.0765
= 3464 £t3/min,

e e o 4
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Vava « average volumetric flow rate through the catalyst ded

Yr ¢V

- 326.32 * 36 336.3 ft3/nin.

(= 20,180 £t3/nr = 5.606 £t3/sec)

Average flov through catalyst bed = 5.6 ft3/sec

fAVG = average specific weight
W
( AVG " Viye

26,72
.3

-
= 0,0795 1b/re3
Vavg = average specific volume

p

i» AVG

= 12.6 £t3/1>

\/
Vavo = AVG _

Average specific volume = 12.6 ft3/1b

Viscosities of gases and vapors st 1,337°F

Am'z_z_w%fi_

4

M (centipoises) x 2.k2 « A, Ib/(rt) (nr)

Aa - = 0.042 csntipoiqéu
Aruel Vapor = 0.0275 *

HMuitrogen = 0,039 "
/602 - °n°387 .
Alvater Vapar = 0,0335 "




/QA-? = (2"‘9 b 4 o.d"2 + 1082 p 4 0.0275) é %072
0,041 centipoises = 0.0992 v/(rt) (hr)

/B0 : 100,00

0.03865 centipolises = 0.0935 1b/(ft) (hr)

Fav = PT_*he

= (0.0992 + 0.0935) = 2 = 0,096k 1/(rt) (hr)

Average viscosity = 0,096 1b/ft-hr

Viscosities of Coolant at 212°F

Puater ™ 0.2838 centipoises = 0;6868 15/(rt)(hr)

/hteam = 0,013 centipoises = 0,0315 1b/(ft)(hr)

0.688 + 0,031 .36 hr
Prootant avg = 2SEILO5 036 1v/(rt) (hr)

Thefmal Conductivities
at 1337°F: X,qp = 0,083 BTU/(hr)(£2)(°F/ft)

kp.vapor® 0.075
Xpp = ((24.9 x 0,043 + 1.8 x 0,075) = 26.72 = 0,045
kpg = 0.045 BTU/(nr)(rt2)(°r/ft)
Kpyg = 0.045 "

at 212°F: K gper = 0.415 BTU/(nr)(£t2)(°F/rt)
Kgtean ™ 0.0137 )

= (0.L15 + 0,0137) & 2 = 0,21k hr
Ecoolant AVG “2)%,;/n)l3 ) & BTU/ (hr)

N6-sS:  k =13.9 BR/(br)(tt2)("F/1t) (st 1305%)
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Specific Heats
M LBTN G = 0.252 BTU/(1b)(*7)
Cruel-vapor = 0.5 *
Chater-Vapor® 0.543 -
Cap = 0.295 BTU/(1b)(°F)
Cpg =029 = °
‘Cayg = 0.293 "
8t 212°F1 Cuio. = 1 BTU/(10)(°F)
Coream = 0-855 FTU/(10)(°F)

Ccoolant AVG ™ 0.73 BTU/(1b)(°r)

Fila Coefficlents (hg = film cosfficient for deposits)
Bg AR = 500 BTU/(hr)(££2)(°F)
| By Puelevapor = 2,000 BXV/(ar)(££2)(°P) |
By pp = (2,000 x 1.82 + 500 x 24.9) £ 26,72 = 602.2 BTV/(br)(t2)(°r)
By vell vater = 500 BTU/(kr)(£t2)(°r)

~ C. Calculation of Heat Exchange Surface
Assume combustor is 43" long,
Quantity of heat to be transferred = Q
Q = 26,382 BTU/min x 60 min/hr = 1,583,000 BIU/hr

. Heat é&uty = 1,583,000 BTU/hr.

Teaperature di.fferen_ce = At

t; = tempsrature of moist ballast gas = 1,337°F

t2 = temperature of cooling media (wet steam) = 212°r
At =1,337 - 212 = 1,125°F
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—% = A= LS00 oy mru/(ar) (°F)
lr = number of fins per inch of tubing
A¢ = fin area per linear ft of tubing
A; = _1[_ (0p2 - 00,2) x 2 x Np x 12 tnen/rt

- _157:_ (12-0.252)x2xhxl2

= 70.7 inch?/rt = 0.LO1 rt2/rt

Ay = bare tube area per linear ft of tubdbing
Ag = W x oDy x 12 inch/ft (1-N¢ x the)
= Wx 0,25 x 12 (1-4 x 0.035)

- B.1 inch?/rt = 0,0563 ft2/rt

Pp‘ = projected perimeter of tudbing per linear ft of tudbing

Ppnaxbfofox12+2(m-ntxthfxl?)

-2:0.375:_:2xhx12+2(12-h10.035x12)‘

= 92.64 inch/ft = 7.72 ft/ft
de = equivalent diameter tubing

de = 2 (Ar + o)
1rxPp

= 2 (70.7 + 8.1)
T x 92.6L

= 0,54 inch = 0,045 ft

-

a, = flow area "in duct”
&g = cross-section area duct - projected area tubes
=Hg xbg = Ry, X 0D, X bg = Ny py, (2 x thy x by x By x by)
-bd[ﬂd-t/b(ont*thhfxbfof)]
where:

by = duct width, inch = length of cambustor = L3 inch

6
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By = duct height, tnch = Wy, = 36,40 dnch
't/b = pumber tubes per bank = N, umﬁ = 30.71 tudes

o, = 53614 - 30.71 (0.25 + 2 x 0.035 x 0,375 x 4}
- lwe inchz - 7.62 ﬁz ‘
TN
Gy = mass velocity of fluid "in duct®
. - W 1b
Gy = _—__.%—
8s e

1603.2
7.62

= 210 lh“hr“ftzz

‘Reg = Reynolds musber of fluid "in duct”

Re, = de'x G .
0" S A=Hrve

- O.g-tg x 210

- 2 (dimensicnless) -

Jnt = beat transfer factor for tranmrul fins
tne = Zﬁ(a’ . |
" he = fila coefficient for transverse fins
Cbpmdne X CEA)V3g (g, a1 for grsen)
- 5.1;3_:&"%' (LW)J{&: .
=k, 62 m“&“n"‘zg'rz

hr' = film coefficient for transverss fins with fouling correction
(hao = outside airt factor)

h}i- 4hr3hdo
by *+ by,

. b.62x 602.2

- k.58 B0/ (kr ) (££2) (°F)
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fL = fin efficiency

Yy = half-thickness of fin

the
oo

0.0
2

= 0,0175 inch = 0.001L6 ft

(re = o)\ [y (X316 s3) Yo

= 5 - 0 122 .jB - N
\/13 R OU IR

e
i 3?_1%5' = L (See Figure P-h)
L. 0.8 (from appropriate g-aph(a))

. a4 = Iinterior area of tuding pér linear ft tubing
= Wx 0.21 x 12

= 7.92 inch2/rt = 0.055 rt2/rt

h' a fiilm coefficienti for transverse fing corrected to the
ri inside surface of tube (already corrected for dirt

factor)
by = (Llxap+a) IL
1 8
= (0.8 x 0.k91 + 0.0563) ﬁ-s—g

»

= 140 BTU/(hr)(££2)(°F)

hy = film coefficient for interior of tudbing

For vaporization of water and based on (Ref. L) extrapohted
by = 322 B/ (nr ) (££2) (°F)

hyy = dirt factor for interior of tubding
For vaporization of water hgy = 500 BYU/ (ar ) (££2)(°F)
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by = fila coefficient for interior of tubing corrected for the

dirt factor
ho-hi‘hdi
i n t

1 h‘11

- x 500
%’T‘;"‘m
= 196 B/ (nr)(£t2)(°r)

Upy = overall design coefficient of heat transfer based on the
interior surface of tubing :

1 ]
L < Sl
hey * by

= 33.22 BYU/(br)(£t2)("F)

Overall design coefficient = 33.2 BIU/hr-ft2.°F

Aj; = total heat transfer area, based on the interior surface
- of tubing

QR=AUp At
A = MUpy
oMt R e

= Mol = h2.36 fta .
33.22

Required ares, interior of coils = h2.h £t2

L = total length of tubing

qftline.ft

" 9.055

Tubing length = 770 ft.
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Kpy = total number of tubes

Npy = L (Total length)
by (reactor length)

=0
L3 212

= 214 ,8 tubes

Rumber of tubes = 215

Thus, the chosen 215 tubes satisfy the requirements for the heat

transfer surface,

D. YVolume of Catalyst Bed
¢y ™ Volume occupied by 1 linear foot of tubing
2
T x OD 2 2\ ¥
Uy =—p—= x12 +4 (0Df -~ 0D;") g~ x thf x 12
= 1.826 inch3/ft

Vi = total volume occupied by the tubing
Vy = (1"txll,rt x by (rt)
= 1.86 x 215 x (43 2 12)
= 1boy inch3
2
X _x Oy x 12

U’h = vol. for 1 foot of heating elememt = ——(——

I 13116)2 x 12

= 0.3314 inch3/ft

Vj, = volume occupied by the heating elements
V = U"hxnhx’bd (rt)
= 0.33134 x 30 x 43/22
= 35.6 inch3
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Vo = volume of catalyst
vas calculated and indicated in Section V-6t
|V, = 0.3513 £t3 = 607 fnch3

Volume of catalyst = 607 in3

Thus, for total volume

Vg + ¥y + Vo = 1,107 + 35.6 + 607 = 2,050 inch3

Bu£ from geometrical cmsidératimn
VR = yolume of annular catalyst bed
Vg =W (3, - ’gso) ‘x by (inches)
= Y (9.62 « 1.6875°) x k3

= 10,053 inch3

it Volume or bed for assumed tube spacing = 10,050 incH

It is readily seen that the volume of the catalyst bed is much larger
than that required by the tubing, heating elements and the catalyst. Con-
sequently, the catalyst has to be “diluted™, prefcradbly with a low bulk
density and high conductivity material (its particles should de the same size
and shape as the catalyst extrudates). '

Vep = volume of catalyst diluent
Vep = Vg = (V¢ + Yy + Vc)
= 10,050 - 2)60

= 8,000 inch3 = L.63 rt3

Volume of diluent =k.63 ft3

~ It should be noted that the heat exchange surface is not optimised.
Further optimization and experimental data on catalyst bed ccveling may yleld
a smaller heat transfer area and smaller catalyst bed volume, resulting in
reduced requirement for diluent., Use of a specially developed catalyst,
capable of withstanding higher temperatures than Catalyst A and/or tuding
with fully optimized fin design, can be expected to result in a significantly
. smaller catalyst bed.
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} { E. Fuel Preheating Pipe : !
% The pipe is 1/8" IPS schedule 5, 316-SS '
D, = 0,405 inch  wall = 0,035 inch XDt = 0.335 inch |
Fins: height = by = 0,1 inch i
, thickness = thy = 0,035 inch é '
Xy = 8 transverse fins per inch linear. -
IMTD = 858°F
Average temperature BG = 1337°F
Average t@perature fuel = 475°F :
M = 0.46 1b/(ft)(br)
C,p = 0.703 BIV/(16)(°F) .
kp = 0,070 BTU/(br)(££2)(*F/1t) :
/r = 39.2 Ib/rt3 ;
Sp = f/62.4 = 0.629 ;
hdp = 250 BTV/ (br)(££2)("F)
W = 1.82 x 60 = 109.2 1b/hr .
Q =328 x 60= 19,680 BTU/br ,
[ § Ap = 0,2115 ftZ/ft 1in. ;
‘ Ag = 0,0764 £/t lin, ,
E Py = L.6h £t
. de = 0.0395 ft o
'z 8, = 0.0797 £t2
j Wy = 17.6 1b/ur 1
| G, = 221 1b/(nr)(t2) i
Reg = 9% %
: i = 2.6(2) g ‘
3 (A3 =180 !
!
‘ﬁ 267
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he = 5.5 210/ (br) (£42)(°F)
Bay = 602 BYV/{ur)(££2)(°F)
B = 5.35 BTU/(ir)(££2)("F)
&g = 90,0005 ft2°
det = 0.028 rt ,
O = 178,400 1b/(br)(£t2)
Re; = 11,000 |
st =39(5)
(cg/§)1/3 »1,663
hyy = 162.b BT/ (nr)(£t2)(°F)
'ty = 98.45 BTU/(hr)(£t2)(°F)
ky = 12,35 BT/ (hr)(£t2)(p/2t)
¥ = 0.001l6 £t |
re/ry = L5
(re = rp) (By/x; Y,,)é -'o.m»
N - o0.99(3)
sy = 0.0877 ££2/rt lin.
Mgy = 176 BTO/(ar)(e2)(F)
Uy = ReaxBu . m/(m)(ua)(v)

* L
hﬁ.*hti

Design coefficient = 14.8 BTU/nrft2-F

.t 9,680
Mot wE - Sy - el
‘ I_In—ternn pipe area = 1.55 7%2 |

= A
Bl ey - w

[ Total pipe length = 17.8 £t
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Thus, about 5 pisses inside ansulus A,
Weight = 0,263 x 17.8 + 2 x 0.14 = 5 1b.

Weight of preheating pipe = 5 1b.

F. Pressure Drop

As mentioned previously, both streams reach the inlet to the cambustor
"core with a pressure of 37.53 psig (52.23 psia).

Pressure loss in inner perforated tudbe of the "core”

Cross-section area = A, = T D2 = F1.216% = 1.165 tneh® = 0.00809 e 2

Effective dimmeter = d, = ID /12 = 0.1015 ft.

Mass velocity ¥ Gy, = W/A = 138/0 00809 = 17,200 1b./(hr.) (£t.2)

JU\- 0.026 centipoises x 2.42 = 0,063 1b./(ft.) (hr.) (at 10129F,)
=d,, X °1t//“ = 0.1015 x 17,200/0.063 = 27,700

ertction factor, £ = 0.000235 (6)

Molecular volume = V. = (1L.7/492) x 359 x (1&72/52.23) = 302.5 ft. /lb. mole

Mr flow rate = v _, -3025:(0h8/289)=50 ﬁ:./nin
Specific volume of mel vapor = 7 f£t. /lb. at 1012°F. and 14.7 pcia
Fuel vapor flow rate = 7 x 1.82 x (14.7/52.23) = 36 ft.3/min.
Total flow rate Vy = 5.0 +3.6 =8.6 £t.3/mn,

Weight flow rate = 0,48 + 1.82 = 2.30 lb.[min. = 138 1b./nr.
Density mix. =f = 2.30/8.6 = 0.267 1bv./ft.3

Specific volume mixture = 8.6/2.30 = 3.74 3.3[1b.
Specific gravity related to water = §, =0/62.4 = 0.67/62.4 = ¢.2%428

2
thit xL

Ar - (dy for gases = 1)

5.22:101°xde xS ¢t

ooooz35x17aoo2xh
5.22 x 1040 x o.misxooohae

AP = 0,012 psi

Pressure drop within inner core = 0,012 psi

The pressure loss through the perforations was calculated by the

method used for screens (shown later) ylelding A P = 0,0001 psi (negligidle).

269

e U

A

e

b i o iamee

L}

S R




PN ;s

* s ¢

o e+ oo ~eer A A A A it oo St

Pressure loass in outer perforated pipe of the “core®

8ince it carries the rest of the air plus the fuel-air mixture froa
‘the inner perforated tube, the pressure loss in this anmulus is calculated
for the total aixture,

Cross-section area cf annulus = A, -}- (moz. opiz) .F_ (2.932-1,252)

= 5.515 inch® = 90,0383 f£t2

Effective diameter = 4, = ID, - 0Dy = 2,93-1,25 = 1.68 inch = 0.1h ft
Mass velocity = G, = W/A, = 1,603.2/0,0383 = 41,900 1b/(hr){ft2)

= (0,037 x 24.9 + 0,026 x 1.82) & 26.72 = 0,0363 centipoises
HPuix x 2,42 = 0,0877 1b/(ft){nc)

Re = dey Gy/u = 0.1 x 41,900/0,0877 = 66,800
£ = 0.“( 7 )

©¥p = VA * Vp_yapor = 302.5 X 08615 + 1.97 = 2626 ft3/ntn.
f = %.72/262.6 = 0.102 1b/rt3 |
AF& = L £ 632 L
2 8/°§ dea

,hxo.%xhlsiﬁxh

2x (.18 x x (0.102 x 0.}

Ar, =15 1t

Velocity = V = Vp/60 Aq = 262.6/(60 x 0,0383) = 114.3 fps
Py = 372/2g = 3x1b.3%/60 = 609 2t

| Ar,-.fé_?ﬁ’_l'll

o {2b5 + 609) x 0.102
4L

AP, =0,533 psi

Loss through the perforations is 0,0015 psi,thus, the total pressure loss
is 0.534 psi.

AP in outer pipe of care = 0,55 psi k

Consequently, the mixture reaches the inner screen with 36.98 psig (51.68 psia). !
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Pressure loss in the inner screen

s Con i 5 AL TATAN T

The calculation procedure employed below is fram Multi-Metal Wire Cloth,
Inc. (Tappan, New York).

M = mesh = 10

Dy = wire diameter, inch = 0.0L1"

Opening siz:, inch = 0,053

4 open area = 34.8

as

(14 x Dv)2 = (1-10 x 0,062)? = 0.348

b, = [ -n,] = [(2210) -0.01] =0.059

A=
B =

d=
-

Re

Ar

[(1-0.3:62) & 0.348° ] = 7.253

[(1-&2) s a2]
Do 2 & = 0,059 2 0.348 = 0.1695

0.00674A = 0,00674 x 7.253 = 0.05

T740B = 7740 x 0.1695 = 1312

Vg = (15.7/492) x 359 x (1472/51.68) = 305.b £t3/1p-mole
Vog = Vg X 0.8615 = 263.1 £t3/min,

Ve_vapor = 1-82 x 7 (14.7/51.68) = 3.62 £t3/min.

Vp = 263.1 + 3,62 = 266.7 £t3/min = L.Ub5 ££3/sec.

P = 26.72/266.7 = 0.10018 1b/ft3 = 0,00161 gfcc

/-l = 0,035 centipoises
Ag = screen area = 2 Vr_ L/2kh = 2T x 1.68 x h3/14h = 3.15 £t2
V = flow velocity = Vg/Ag = b.4U5/3.15 = 1.b1 ft/sec

_BVP . 1312 x1.41x 0,001 _ g
7 0,036 )

= factor from the supplied graph = 0,92
- alV

c@ 2
« 0.05 x 0.00161 x 1,263
0.922

<0,0002 psi

Pressure drop at inner screen is negligible
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Pressure drop through bed

np equivalent particle diameter (that is, dimtu' of an
equivalent sphere),

Yor cylindrical extmdatéa
;
B B
I
4 = cylinder diameter = 1/16 inch = 0,0052 ft

1 e cylinder length = 1/8 inch = 0,010: £t

e e i
R orwm oo

The formla to use for AP depends on type of flow, laminar ar turbulent,

Since we have laminar flow (Re = 1b), the formila to use is
oo sAlin
where
Le bed thickness (mclud.ing d:unent) = 8 inch = 0,67 £t
Ap = vall effect factor = 1
JA = average viscosity = 0,0000268 1b/(ft)(sec)

. . V, = velocity through empty bed = 0,74 fps

Ap » 53 x 0.0000268 x 0,67 x 1 x O,
144 x (0, '

AP = 0,12 psi

Pressure drop through bed = 0,12 psi

* In addition to the pressure loss through the particles, the AP due to
S frictional surface of the tubes was calculated (method shown in HE #1; duct
% side AP). It amounts to 0,00003 psi, vhich is negligidble,
: | The pressure of the moist ballast gas reaching the outer screen is
’ 3%.87 psig (51.57 psia). .
Pressure drop throush the ocuter screen
1 | Calculations, as outlined for the inner screen, yield a pressure loss
; of 0,00013 psi (negligible). Even if a double outer screen is used, the
pressure loss remains negligible.
. L
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Pressure drop in Anmilus A (see Pigure 3L)

IDM = 2 roso =2x 9.8 - 19.6 inch

Wgp = 2 1y, = 21.0 inch

Py, = wetted'.peirimeter = ¥ (IDM + ODa.A) = € (19.6 + 21) =
127.55 inch = 10.63 ft.

hap = flow area in anmilus = T (00,2 - 1,,2) 3 b = & (212-29.62) 3 b =
Ll .65 inch? = 0,31 ft2
dep = equivalént diameter = k Aaa/Ry, = (4 x 0.31)/10.63 = 0.137 ft

G,y = mass velocity = W/Aaa = 1603.2/0.31 = 5,172 1b/(hr)(1t?)
Regp = dep x GM//A = 0.11667 x 5,172/0.0935 = 6,450

fa__ = 0,0003(8)

s = f/62.4 = 0,0771/62.4 = 0,001

g, =1

Ap - . fA X Gaa® x I 0.0023 x 5,1722 x 3.58
5.2 x1010 x deg x Sx Py - 5.2 x 109 x 0,117 x 0,00124

AP = 0,030 psi

P in Anmulus A = 0,03 psi

For the converging anmilus (or cone) a preasure loss of 2% is assumed,
Thus

0.02 x 36.8 = 0.74 psi

Thus, the moist hot ballast gas leaves the reactor under a pressure
of 36.1 psig (50.8 psia).

Exit pressure = 35,1 psig

G. Combustor Jacket for Air Preheat

The idea of surrounding the cambustor with an anmular jacket for
preheating combustion air was abandoned after calculations showed that even
with finned coils only about 4% of the total heat required by the air could
te transferred in a reasonably-sized anmulus. A large annulus is cbjectionadble
because it causes an excessive expansion of the cambustion gases. An outer
air jacket might bde considered as a means of cooling the outside wall of the
combustor, but is not included in this study.
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®] £t length added for the converging cone. Made of Hastelloy C,

H. Combustor Weight (all parts of 316-SS except as noted)

Inner core tube 0.216 1b/rt x 3.583 1t = 1 Mb
Outer core tube 1,13 "  x 3583 = &
Inner screens (2) 3.013 " x3.583 1 = 1

" Catalyst 0.3513 ft3 x 40.6 1b/rt3 = 1k
Catalyst diluent h63 3 x25 * W 116
Cooling tubing 0.409 1b/ft x 7901t = 323 -
Outer screens (2) 17.391 /ft x 3,583t = 62
Outer vall® (0.125" |
thick) 29, 1b/rt x 4,583 /4 = 135
Outlet connection Std. 4" IPS pipe = 1
Fuel Preheating tubing 5
Heating elements Total 3%

Total weight of combustor = 694 1b

V. Heat Exchanger No. 1 (HE 1)
Cooling of moist ballast gas leaving the combustor and preheating of
incoming combustion air are accomplished in HE 1. The moist ballast gas,
vhich is hotter, is placed inside the tubes, so that the outer shell wall :
thickness is based on the cooler air stream. (For Hastelloy C, the design
tensile strength is 24,500 psi at the exit air temperature, as compared to :
20,700 psi at entering BG temperature.) ’ ‘
A, Assumptions
Duct: 2 x 2 ft (inside) (bgy = 2 £t hy = 2 ft)
Tubing: OD; = 1 inch wall - 0,035 inch ID, = 0.93 inch
Fins: |height = by = 0.5 inch thickness = thf *® 0,035 inch
Ne = 8 transverse fins per linear inch tubing
Te = linch 1, =0.5inch OD, = 2 inch
Tube banks: Ni/bl = 12 tubes

and N, /b2 = 11 tudes in alternate banks

o




Triangular pitch:

| 62"30

b \é e nwlumebric gechon
){ VS‘ 2 ¢os 30°

* V,= 1,732 ik

4-57-2'-—

'\., ']
'. ',.-"\
I R ‘I L
. \\'
7N |
\ -\' . Pigure P-6. Arrangement of Finned
N4 Tubes in HE 1
'
|
I
-n-——\/5 —

B. Heat Exchange Surface
 Q=5,573 BTU/min = 334,400 BTU/br
~ Mr = enters at 250°F = t3

| leaves at 1,112°F = t)

Moist BG: enters at 1,337°F = ¢

.A leaves at 558°F = t,

W v dK
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‘1. Mean temperature difference

pep » Atc =8t

At .
2.3 1 ———
8 Aty .

- 08 = %Y

ty -t :
R = 172
th - t3 % = 0.9

8 = 31‘_2.23. - 862 .. 0.8
t1 - 1'-3 1)337‘256

Fp = 0.500)

At = Fpx IMID = 0.5 x 263 = 132°F

Mean temp, difference = 132°p

2. Caloric temperatures of the fluids

Ate lg‘;_ ‘
Aty = 225 1.37
assﬂming Ke =1

Fe = 0.47(20)
T, = caloric temperature of BG (mean for EE 1)
Te = to + Fe (ty-tp)
= 558 + 0.47 (1337-558) = 924°F

Hot Fluid Cold Fluid ”* Difference
t3 = 1,337°7 Higher tempersture | t) = 1;112°F | t,-t) .= 225°7 = Aty
ty = 558°F Lover temperature | t3 = 250°F. t2-t3 . 3087 = At
ty-ty = TT9°F | Difference ty-ty =~862°7| . 837
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tc = caloric temperature of air (mean for HE 1)
te =ty + P (ty - t3)
= 250 + 0.47 (1,112-250) = 681°F
3. Data at above temperatures
BG at 92L°F ana 50.7 psia
Hpg = 0.0774 15/(£t)(br)
Cp = 0.27 BTU/(1b)(°F)
kgg = 0.035 BTU/(hr)(£t2)(°F/rt)
P =1
Vy = 292.8 £t3/1b-nole
Vpg = 271.5 e = 4,525 cfs
/‘- 0,098 1b/rt2
8 = ,of62.h = 0.001577
(Cupe/kpe)t/3 = 0.84
Alr at 681°F and 64 psia
JAa = 0.075 1v/(ft)(nr)
¢ - 0.254 BTU/(1b)(°F)
ky = 0.0282 BTU/(hr)(rt2)(°F/1t)
f =1
Vy =175 £t3/1bomole
Vi = 147.8 cfm = 2,163 cfs
f = 0.168 1b/rt3
s, = 0.0027
(c/uAA)l/ 3 a.o.878
Ag = £in area per linear foot of tubing

Ap = I'._(on%-onf) x 2N, x12
= ¥ (22-12) x 2 x 8 x 3 = U52.b inch2/rt = 3.14  £t2/rt

2
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Ay = bare tudbe area per lineal foot
Ay = Txontxm(l-&xthf) |
* ¥x1x12 (1-8 x 0,035) = 27.15 1nch?/rt = 0,289 £t2/re
Pp= projected perimeter of tubing, feet per linsal foot
Pp-exbfxaxjrx'lz+2(Jz-lfxthfxlz)
=2x05x2x8x12+2 (12 -8x0,035 x 12)
= 209.3 inch/ft = 17.LL ft/re
dey = equivalent diameter of tubing

de. =2 (Af + A\))
Y x Py

=2 (314 +0.189) 3 (6 x 17.4k) = 0,122 £t
Ag = flow area in duct

A'-mbd[m.iad-ﬁt/bl(mf+2xnfxthfxbf)]

m12x2[12x2-12 (1+2x8x0,035 x0.5) ]

= 207.4 inch® = 1.h4 £t2

Flow area in dnct = 1,bh £t2

b, Duct side: air
mass velocity, Gg
Gy = /Ay = 2.9 x 60/L.Ik = 1038 1b/(t2)(hr)
Reynolds number, Rey |

Reg = deg x G/, = 0.122 x 1,038/0.075 = 1,700
heat trane’er factor, jo

Jfl' 20(2) o :
1
"hvr = Jo zlf: (%A) /2 $, (coefficient for transverse fins)
- 20 222 ; ogBx1 = L.08 BIU/(w)(r2)(’r)
218
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Fouling factor = Ryo = 0,003
by, = /Ry, = 333 BTU/(hr)(£t2)(°F)
coefficient with correction for fouling, he

hpm LR | MOBXI o BT/(ar)(rR)(E)

he + hy,

Corrected coefficient, duct side = L, 0h ditto

5. Inside tubes - moist BG
A = =12 = L x 0.932 = 0,68 tnch® = 0,00472 £t%/tube
Afo = Ay Mypy = 0.68 x 12 = 8.16 inch® = 0,067 £12/bank
dey = ID, /12 = 0.93/12 = 0,0775 ft
G = A_‘t&/-‘; - 5232 - 28,300 1/(r)(rt2)

Rey = det X G _ 0.0775 x 28,300 . 28,300

AT86 0.0774%
Jhi n 93(5))
hy = Jps XBG /cMag\1/3
1* Jnt T{g‘) S
0.0 .
~ 93 Fower 0.8 x1 =35l BIU/(hr)(r:2)(°F)

hay = 602 ETV/(kr)(£:2)(*F)

h' = hi x hay 2
™ 33.4 BTU/(hr)(£t2)(°F)

Corrected coefficient, tube side = 33.h BTU/hr-ft2-°p

6. Overall design coefficient, heat transfer surface and number of banks

re = outer radius of fin Ty, = inner radius of fin

Ie S
" 052
Y, = the/2 « 0,035/2 = 0,0175 inch = 0,00146 £t
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K, = conductivity of fin = 11.8 BYU/hr-ft2.°r-ft
t (re‘rb)(hf./thb)o.s -
4 005 ‘
52 ( x o 11,8 x 0,00115, ) = .83
£in efficiency = ).
LL = 0.85(3)
Ay = interior surface per linear foot
A= U, x12 Tx0.93x12=35. o6 mch2/rt - oakk rt?/re
Corrected film coefficient, L' o5
By © (Slx Ap + A,) B /Ay
- (0.85 x 3.14 + 0.189) 4.04/0,20s
= 7.5 B'm/(hr)(fta)(’r)
Coefficient for transverse fins corrected to internal
surface of tubing = A7.5 BIU/br-ft2.°F
L
! = RN
. By TPy
i
Overall design coefficient = 19.6 BT/ (nr)(£t<)(°F)
. L %g;,uoo
- Upy Ac - 19.6x132 1
Internal tubing area = 129 £t2
A
b
S 280
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{
{ Ap = [0.5 (Mypy * Mp2)] oy xly (I = by)
' 1
i
: = [0.5 (12 + 11)] 0.2435 x 2 = 5.6 £t2/bank .
number of banks = N, = Ayp/Agy
=129 2 5.6
Runber of banks = 23 R
| o
| n
: C. Pressure Drop '
§ 1. Duct Side: Alr
g ‘ Vir = net free volume .
| 17’ ;
| Vap = ba xbg x Vg - 3 (M + M) o it [00F 4 tny o
| x Ne(ovg-onf)]
E - 1.732 _1 w 2 2 2 |
exex22 .22+ T £ [12 +0.035 x 8 (2212)] |
! = 0.357 13
Sp = frictional surface (duct walls may be neglected) ~ '
7 = 1/2 (M1 + By ) % (A + Ao x by |
=1/2 (12 +11) (3.34 +0.189) 2 = 76.6 1t° N
o
De'v = volumetric equivalent diameter t |
4 b x 0.3573
' . —!n. - x 0. -
Dey B 6.6 0.0187 rt |
Gy = 1038 1b/(hr)(1t?) :
i
f ' !
Re = ‘ev 05 n0.0287x 1,038 - 260
5 Vad 0.075 .
£ o.008) 1
; 3
L. . = length of path i3
é g i
| 281
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.I,,-‘l-bx‘.J.-aﬁix!‘-‘-E?- . 3.31;.&.

v 0.4
D .
(ev) - 6.01 O.l‘- .

(B g
2/12 =19
: o
£ x Gs2 x Dev) 8
‘APA'522::101 xD',,xS x Py ( (gr)
- 0,00 x 150382 x 3.3 x 0817 x 1
5.22 x 1 x 0,0187 x 00,0027 x

Air pressure drop = 0,0023 psi (Negligible).

O

The above excludes the gradual enlargement and contraction losses
in the duct.

It is assumed (Table- XIV) that air leaves the engines with 53 psig
(67.7 psia). Further, it is assumed that the loss between the engine and -
HE 1 is 0.7; thus air reaches HE 1 at 52,3 psig. Loss in the diverging come
is about 8% of this pressure, or about 4 psi, and in the ccnv.rging cone is
2% or 1 psi. Thus:

total air pressure loss = $ psi

air leaves HE 1 at 47.3 psig (62 peia)

2. Tube Side: Moist BG

Ay At/b’ de¢, Gt and Ryy are the same as calculated for heat
transfer. ‘
£ = 0,0002( 6)

fo%xbel!b .
APm'B.aex1&°xd%x€tx¢; (It'bd).
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0,000 x (28,300)2 x 2 x 23
® 5.22 x 1010 x 0.0775 x 0,001577 x 1

= 1.16 psi

Pressure drop, BG !n tudbes = 1,16 psi

In .tddiiion to the loss in straight parts of the tubes there

are the losses due to the return bends, of which there are 22, and the

two headers. A return dend of 1" OD tubing is equivalent %0 5.5 ft of

-straight tuding, It is assumed that the same is valid for the headers.

Consequently: -
(22 +2) x'5.5 = 132 £t stralght tubing
The above APBO is for 2 x 23 = U6 ft of straight tudbing, thus

A P%ends - ll%il‘i = 3,33 psi
The total pressure loss for BC in HE 1 is

APp_pg = 1.16 + 3.33

Total AP for BG = L.,h9 psi

“l'hul. BG leaves EE 1 at 36):14 '.(h6.34psia)_.
D. Dimensions and Weight .
Inside. diienciona of HE 1 are 2 x 2 ft
Wall thickness, for Hastelloy C, is 3/15"
Length of duct 1s 3.3% +2 x 1 = 5.3 £t
(includes 1 £t on each end for transition comes)
Duct: '217.7 inch3/ft x 0.296 1b/inch3 = 64,84 1v/t
Tubing (including return bepds) = 62 #/bank (for 316-SS)
Thuse:

Duct: 5 x 6b.bl = 322 b
Tubing: 23 x62s= 1,426
Total LG8 Ib
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Note:

Total weight of HE1 = 1,748 b

The weight 1s based on use of Hastelloy C as the material of
construction, and on incomplete optimization of fins and tudes.
of a lighter weight fin and tube material of equivalent strength would

reduce the weight proportionally.

VI. Heat Exchangers ¥o. 2 and 3 (HE 2 and HE 3)

' These are combined in one duct containing two "coils", cme uung fuel
Between the two sections there is an "orifice” which
actually is a dam 1" high extending from all walls of the duct.
prevents the condensed water in HE 3 from entering the fuel-cooled section
At both ends of the water-cooled section there are provisions for

and the other wvater,

(rE 2).

draining off the condensed water,

A,

" Fins: by = 0,25"  thy = 0,035

General
Ballast gas is on the duct side.
The duct is 1 x 1 £t ‘
Tubing: ODy = 0.5"  wall = 0,01°  IDy = 0,48"
Ny = 8 fins/inch
Construction: alternate banks in triangular pitch
FefoL = 12 Refoo = 1
Bp»1" 8 =1" V, =0.86¢6"
Other values, as in previous parts of this Appendix:
Ap = 0.7854 ££2/ft 1in, |
A, = 0,0943 £t2/ft 1in. )
‘ PP = 9,4l £t/ft lin,
deg = 0,06 ft
a4 = 0,36 £t2
G = 4,450 1b/(hr)(t2)
W = 0,00146 ft
Te =~ Iy = 0,0208 £t
' re/ry - 2
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Vip = 0.0433 ft3 (per bank)

Sp =10.12 ££2 (per bank)

1]
D,, = 0.0171 ft

(D), /5p)0" = 0.531
(st/s7)%6 = 1.0
B. Fuel-Cooled Section (HE 2)

1. Heat Transfer
Q=1,598 BTU/min = 95,900 BTU/hr

Wp = 52 1b/min = 3,120 1b/hr

Hot Fluid (BG)

Cold Pluid (Fuel) Difference
558°F Higher temperature 350°F 208°r
340°F | Lower temperature 300°F Lo°p
218°F Difference 50°F 168°F
LMD = 102°F R=b36 8202  Ppaogl?)
At =09 IMID = 2'?
At /Aty = 0.192 K. = 0,09 F. = 0.36(10)

caloric (mean) temperature of BG, T, = L19°F

caloric (mean) temperature of fuel, t, = 318°F

for fuel at 318°r:
Hp = 0.75 1b/(rt)(kr)
Pr =5.78 1b/gal = 43.2 1v/1t3
S¢ = 0.7
Cp = 0.68 BTU/(1b)(°F)
kg = 0.0732 BIU/(hr)(£t2)("F/1t)
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(0}‘17/3;)1/3' = 1,91
$ =1
for BG at L19°F and 46,3 psia
Vy ** 203.6 £t3/1b-mole
Vpe =168.8 cfm = 3.15 cfs
/°Bg = 0.1415 1b/rt3
8y =0.00227; @5 =1
Algs = 0.0605 1v/(ft)(nr)
Cp = 0.26 BTU/(1b)(°F)
Xpg = 0,024 Bw/(m-)(rti‘)(‘r/rt)
(e p po/xpg)? = 0,869
fa =1
Heat transfer - duct Qide
Req = 4,420
3z = bo(2)
by = 13.9 BTU/(hr)(£t2)(°F)
hag = 602 BTU/(hr )(t2)("F)
hi = 13.6 BTU/(ur)(t?)(°F)

Corrected coefficient = 13.6 BTU/hr-ft2-°F

Heat transfer - tube side
Ay = 0,00126 £t2
Ay py = 0.015 ££2/vank
dey = 0,04 ft
Gy = 208,000 1b/(nr)(£t2)
Rey = 11,100
3y =u26)



by =« 147 BTU/(br)(t2)(°F)

hgy =500 " "
]
hit = 113.6 " .

Corrected coefficient » 113.6 BTU/hr-ft2.°F

Heat transfer « design U, area and No, of banks
agy = 0.126 ft2/ft 1in,
Ajgpp = 1.b8 £t2/vanx |
'(re-rb)(h;/thb)% = 0.632  k; = 0.1 BIU/(hr)(rt2)(*F/rt)
JL = o.8(3)
n; = 81,6 BTU/(bur)(rt2)(°F)

1 =

Upi = 47.5 BTU/(hr)(£t=}{°F)

Design coefficient = 47.5 BIU/hr-rt2-°F

Ajp = 21,5 ft2

N, = 15 banks

2. Pressure Drop

Tube side pressure drop (fuel)
Velocity = 1.336 fps
£ = 0.00027(6)

- Ap, =012 pst

each return bend of 0.5" tubing is equivalent to 2.5 ft of straight tubing.
There are 1L return bends and two headers:

Ar, = (1L + 225x 2.5x0.12 | 4.5 o4
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APy o1 = O-bb pat

Duct side pressure drop (BG)

Re'd - 1,260
r = o.0032(2) |
L = ‘nbv‘ =15 x 0.863/12 = 1,087 ft
APd = 0,02 Esi
Loss due to gradual enlargement (diverging cone) is 8%.
A By = 0.08 x 316 = 2,53

APyip gection = 2-55 psl

' Thus, the BG leaves this sectiom with 29.05 psig (43.75 psia).

Pressure loss in "Orifice"
Ar, = (& -1) P,

v = velocity BG in duct = Vo/Ay = 3.15 ft3 per sec/0.36 1t2

' = 8.74 ft/sec
P, = velocity head = v2/2 g = 8.742/(2 x 32.2)

?'1.2 rt (air column)
= 0,0012 psi

to obtain (%2 -1)

. Ay = area empty duct = 12 x 12 = 1k inch?

A = area "orifice” = 10 x 10 = 100 inch? (1 inch daa)
Ao/Ay = 100/14k4 = 0.7
for above value, (L. - 1) = 0.2
thus: APy = 0.2 x 0.0012 = 0,0002% pai
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|[APs = negligidle

C. Water-Cooled Section (HE 3)
1. Heat Transfer
Q= 2,98 BTU/min = 179,000 BTU/hr
W, =23 1b/{nin = 1,260 1b/hr

Hot Fluid (BG) Cold Fluid (Water) Difference
340°F Higher temperature |  210°F 130°F
100°F Lower temperature 80°F 20°F
2L0°F Difference 130°F 110°F

IMTD = 59°F R .= 1.85 S = 0.5  Fp=o0.87(9)

At = 0.87 x 59 = 51°F
Average temperatures may be used, thus

To = (340 + 100) < 2 = 220°F

te = (210 + 80) 2 2 = 245°F
For BG at 220°F and U3.75 psia:
W = 158 ££3/1b-nole
'VBC = 147.5 cfim = 2.46 cfs
Mpg = 0.051 1b/(ft)(hr)
PB; = 0.181 b/l
Sq = 0.0029
C, = 0.25 BTU/(1b)(°F)
kgg = 0.019 BTU/(hr)(rt2)(°F/ft)
(cft gg/kpg)t/3 = 0. 876
g = 1
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For water at 145°F;

Ay = 1.069 1b/(ft)(nr)

P ™ 61.3 1b/1t3
8 =1
Cp = 1 BTU/(1b)(°F)
Kk, = 0.374 BTU/(nr)(rt2)(°r/rt)
(cp o/xa)Y/3 = 1428
g =1

 In this section the tubing is aluninum, It 1s of the same tmt = 0.5 inch

as before, but wall = 0,02" and consequently IDt = 0,L6",
Heat tranafer - duct side
Rey = 5,240
e = b5(2)

he = 12.5 BTU/ (hr)(£t2)(°F)

b = 12.25 BTU/(hr)(ft2)(°F)

b4

Corrected coefficient = 12,25 BTU/hr-ft2.°F

Heat transfer - tube side

dey = 0,0383 £t
a, = 0.0015 rt?

Agpp = 0.0139 ft2/bank
Gt = 99,600 1b/(rt?)(nr)
Rey = 3,500
3 = 1(5)
By = 195 BT0/(ar)(££2)("F)

hgt = 500 BYU/(hr)(£t2)("F)

B = 140.3 BTU/(hr)(£t2)(°F)
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Heat transfer - design U, area and No. of banks

Corrected coefficient = 140,3 BTU/hr~ft2.°F

a¢ = 0.120 £t2/ft 1in,

Apefo = 1.385 £42/vank

(re=ry) (h#/k.Yy) = 0.175 k, = 118 BTU/(hr)(rt2)("F/st)

L= 0.98(3)
hey = 8.3 BIV/(br)(rt2)(°F)

Upy = 5h BTU/(hr)(£e2)(°F)

- 2
Ajp = 65 1t

K, = 47 banks

2. Pressure Drop
Tube side pressure drop (water)
Velocity = 0,452 ft/sec
£ = 0,00038(6)
A Py = 0,09 psi
AP, = 0.23 psi

APT -Waiter * 0.32 pSi

Duct side pressure drop (BG)
ne‘d = 1,500

£ = 0,00315(2)
Ip = 3.39 1t
A py = 0,05 psi

rtm 4 e - me———— s ain o e g s e — -
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In this section, there h also tho preszure loss due to condensation

‘cf water. Average pressure in this section is 29 psig (43.7 psia). The

total of gases in BG is O, 8615 x 1.0765 = 0.9274 mole. The amount of water

~ condensed in HE 3 1s 1,272 3 18 = 0,07057 moles (see Pigure 37 ).

APcbndenntian = (0.07067 x 43.7) = 0.9274 = 3.33 psi

The pressure at which BG reaches the converging cone 1s
29-3.33 = 25,67 paig (40.37 Psin) The loss due to the gradual contraction

_ there is 2%,

* oo *

>
B 5, LK o e ) Nt O e o 22

b P

A Popir, = 0.02 x 25.67 = 0.51 pai

Consequently, the total pressure drop in KE 3 is

APB(MI section " 3.89 pat

Thus, BG leaves HE 3 with 25.16 paig (39.86 psta)

D. Size and Weight
. HE 2 Section (fuel) - all 316-S8

Duct wall is 3/16" thick and its inside dimensions are 12 x 12 inches.
m length of this section including diverging cone is 1.5 ft. , »

Ducts 109,7 inch/ft x 0.29 1b/inch3 = 31.8 1b/ft
Tubing: 25 inch3/bank x 0.29 1b/inch3 = 7.27 1b/bank
Welght duct = 1.5x 31.8 = U8 1b

Weight tubing = 15 x 7.27 = 109
Total 157 1b.

Total Weight, HE 2 =157 b

HE 3 Ssction (water) - all nluninun -

Duct wall is 0.35" thick, and the length of this section including
the converging cone is 3.8 ft.

Duct = 207.5 inch3/rt x 0,099 1b/inch3 = 20,5 1b/rt
Tubing 3 27.3 inch3/bank x 0,099 Ib/inch3 = 2,7 1b/bank
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Weight duct = 3.8 x 20,5 = 78 1b

P T ey

Weight tuding = L7 x 2.7 = 127
Total 205 1b §

Total weight, HE 3 » 205 1b

E. Sumary
Total length of combined HE 2 and HE 3 5.3 1t
Total weight " " " 362 1b
Total pressure drop in " " 6.4l psi
VII. Drier ’
A. General p

Both fluids enter at temperatures below their exit temperatures,
and the available cooling wvater temperature is only 20°F below that of the
entering BG. Therefore, a cocurrent flow is chosen. The choice of cross-
section is based on consideration of several factors:

® pressure drop .
® velocity of gas in emﬁty drier

e the desired number of cooling tubing banks (it is preferable
to have a smaller cross-section and a larger pumber of banks
at a closer spacing, for the same heat transfer surface, to
maintain the entire bed as cool as possible).

, Two drying agents are used, Most of the water will be removed N
by the CaCl> [heat of absorption = 1,500 BTU/#, net heat = L50 BTU/#) f
because of its high capacity. Weights of agents are calculated first based f
on efficiency, then increased if necessary to provide 50 hours of service %
between regenerations. This is in line with the target for catalyst performance.

Contrary to the cooling scheme used as the basis for the material

and heat balances given in Figure 37 & revision providing an increased .
cooling water requirement but a nst reduction in weight is used, as follows: §

e
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'm-y 86 = 24.39 1v/min,

Water In o ‘ ’ ’ ‘ Water Out
t = 8°r t = 130°F
bep * 18 310/ byzp = 98 B/
DRIER
’.AB.‘_A' net = 450 BTU/Ib vater — >
Saturated BG in _ BG out
t = 100°F : ' ‘ t = 150°F

hnry BG, 150 = 27.8 BTU/1b.
wm.y BG = 2!‘-39 lb/min.
Sry BG, 150 = 678 BIU/1b.

Wi,0 Vapor * 1.054 1b/min,
QsBG, 100 = 1,669 BIU/min. .

%n = QsBG,100 * WHz0 vapor X AR A net
1,669 +1.05% x 450 = 2,143 BTU/min

Figure P-7. Revised Cooling Water Requirements



Qut * ury BG, 150 ® Wary B6 X By 5s 150

= 24,39 x 27.8 = 678 BTU/nin

Aod.rier = Qip - Wut

= 2,043-678 = 1,465 BTU/min
AQirier
h130 - hao

L
%’536% = 20.3 lemin

Weooling Ho0

This supply of 130°F water may be introduced at the appropriate point in
HE 3, thus reducing either thne overall water requirement or the transfer
gurface area, but such is not considered in the present study.

If corresponding changes are calculated for average flight

conditions (Figure 36), the drier cooling water flow is increased to

18.9 1b/min or 122 1b/flight, and total cooli.ng water per flight (including

10% contingency) becomes 266 1b.

. B.

Data for Calculations
Saturated BG reaches drier at 25.1 psig (39.8 psia)
Weight SBG = 25,448 1b/min = 1527 1b/nr
Weight of water removed = 1,054 1b/min
Weight of dry BG = 24,39 1b/min = 1,464 1b/hr
Pressure in fuel tank = 0.84 psig (15.54 psia)
Qo remove = 1,465 BIU/min = 87,900 BTU/nr
Weooling Ho0 = 29-3 1b/min = 1,758 1b/hr
Pm,loo = 0.019 cps = 0,046 1b/(ft)(hr)
PAR,150 £ Mary BG,150 = 0.0202 cps = 0.0489 1b/(ft)(hr)
M0 Vapor,100 = 0.011 cps = 0.0266 1b/(ft)(hr)
Mspg,100 = (24.3%% x 0,019 + 1.054 x 0.011) & 25.448
= 0,01867 cps = 0,0452 1b/(ft)(br)

Pave = (Mspe,100 + MAatr,150) 2 = 0.5 (0.01867 + 0.0202)
= 0,01945 cps = 0,047 1b/(rt)(hr)

w5
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C Vm ® %—51 x 359 x .(.13.';7_*.5.‘*_5_"). = 156,9 £t3/1b-mole

Vspe, I = 158.9 x 0,8615 mols air/min x 0.9945 mols sat. BG/mol air
= 136.2 £t3/min |

fsnc,n = 25.448/136.2 = 0,1869 1b/rt3

Bgag, In = /°/62.4 = 0,00299

vu’m w 18,7 x 359 x .(.].-2_0._25.1_’;62). = 196.8 ft3/1b-mole
33. :

Vory BG ® 196.8 x (0.8615 x 0.9265) = 157.1 ft3/ntn
Sory 3G = 000249 AL o= 2h.394/157.1 = 0.1553 /1t

VDry BG - V3 pg

2.3 log VDry BG
VsBo

- 12!-1 - 11‘602
157.1
2.3 log %}-5

HBG,Avg = (25-“‘8 + 2"‘039‘)

Vgs, Avg "

146.6 £t3/min

2 = 24,921 1b/min
= 1495.3 1b/hr

fm, Avg " 24.921/146.6 = 0.17 1b/rt3
Spvg = 000272

sl B Sk e RTINS 7, s

C. Amounts of Drying Agent
(1) Calcium Chloride Section

Basis of 150°F and ~14.7 psia

efficiency = 4600 ppm (egnilibriwn conc. = 0.95)
at 1900 hr=i sV

capacity = 308, or 0,30 1b Ho0/1b agent

®pressure in the drier after substracting gradusl enlargement loss.

‘Approx. P when gas leaves bed, based on pressure losses,
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Gas flow at design conditions = VSBG, ave
= 147 £t3/min
Bed volume = volume for 1900 hr-l gV

147 23] 60 min| nr

- 3
=n B 11500 L.65 rt

Weight of CaClo
bulk density = 51 1b/ft3
weight = L,65 x 51 = 237 1b

Concentration of water entering CaCly

N 79 lb-moles

COz 13.5 1b-moles
Fuel Vapor 0.15 1b-moles
H20 6.80 1b-moles

15} 1.054 to drier
H20 = =17 05% + ~.272 (condensed) = 6.60

€ Hz0 v/v = 6.8 > 99.45)x 100 = 6,84
= 68,400 ppa

Concentration of water leaving CaClp = 4600 ppm
4 removed = 93.3%
Water removed during average flight
use average flight data, not design data
Removed in 1 flight by complete drier = 6.07 1b
Removed by CaCly = 6.07 x 0.933 = 5.67 1b
Capacity of CaClp (80% of estimated value)
237 1b x 0.30 1b/1b x 0.80 = 53 1b water
Flights without regeneratioh
53 = 5.67 = 9.34 flights
average flight time = 3 hours

Hours without regeneration = 28 hours
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To attain 50 hours, increase by proportion
237:50-:-28‘52’4 1b CaClp -

Volume and length

Superficial velocity should be in range 50-100 fpm
147 ££3/min 2 75 ft/min = 1.96 1t
ot ‘Cho'ose duct having 2 £t2 transverse area -
Volume = L2h 1b 2 51 1b/rt3 = 8,31 i3

Iength = 8,51 2 2 = 4,16 ft

Weight of CaClp = L2L 1b
Volume of CaClp = 8,31 f£t3
Dimensions = 1 £t x 2 £t x 4.16 ft long

(2) cCalcium Sulfate Section
| (on basis of lSd'F and approx. 1L.7 psia)
efficiency = 100 ppm at 4LOO hr-l SV
capacity = 1.0%4, or 0.01 1b Ho0/1b agent
Gas flow at design conditions |
 assume same as in CaClz = 147 £t3/min
Bed volume = volume for 400 hr-l sV

17 ££3 | 60 min | hr 3
=in & Ttos =~ 22.1f¢

Weight of CaSO4 = volume x bulk density

= 22,1 £¢3 x 75 w/re3
| = 1660 1b
w;ter remove;l in average flight of 3 hours
. total removed in drier - amount removed in CaClp
6.07 1b x (1.00 - 0,933) = 0.407 1b

28
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(3)

Capacity of CaSO, (use 80% of estimated value)
1660 1b x 0,01 1b/1b x 0.80 = 13.3 1
Flights without regensration = 13.3 2 0.LO7
= 32,6

. Hours without regeneration = 3 x 32.6 = 97.8 hr

Hours without regeneration = 68

Summary of Drying Agents

Agent CaClo Cas0, Conbined

volume, ft3 8.31 22.1 30.4
weignt, 1b L2b 1660 2084
length, ft L,2 1.0 15.2
hours (no regen.) 50 98 50

Recelculation to Save Weight By Utilizing Excess
Capacity in CaSO,

Excess capacity = $8-50 = L8 hr
Water c(quivalent
L8 hr x 0,407 1»/flight 3 3 hr/flight
6.53 1b water capacity in excess
AAding to CaCly capacity (53 1b water on 237 1b agent)
53 + 6.53 = 5.67 = 10.5 flights
10.5 x 3 = 31.5 flight-hours
Revised deficiency = 50-31,5 = 18.5 hours

18.5 br 4 2371
28 &r 156 1b CsClz

Total quantity CaClo

237 + 256 = 393 b

393 & 51 = 7.72 £t3
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Revised Summary of Drying Agents CaCla and CaSO,

Agent CaCly (a0,  Combined
volume, ft3 7.72 2.1 29.82
veight, b 393 1660 2053
length, ft 3.6 1.0 .86
hours (no regen.) 50 50 | 50 |

(4) Use of Zeolite as High-Efficiency Agent
Bases: 10 ppm efficiency at following conditions
150°F and ~ 1 atm |
L/p >1 |
linear velocity < 100 ft/min
Norton's H-Zeolon, 1/16" dia,
Capacity 0.015 1bs/1b agent
Velocity in 1 ft x 2 £t duct
247 £t3/nin & 2 ££2 = 73.5 £t/min

Weight of agent (using 80% of stated capacity)

. bHO | fuugnt | hours .
— flight ‘ houra |contimous run | capacity x 0.8

. Obor | so
3 | o.0i5] 08" 2L

Volume of agent (38.5 1b/ft3 bulk density)
565 1b & 38.5 1b/rt3 = 4.7 £43

Length of bed and L/D
L=1b.7re3 22027351t
equivalent circle diameter
p=(8 .}1:)0-5 = 1.6 ft

L/D 27.35 3 1.6 = 4.59

L,
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Sumary of Drylng Agents CaCls and Zeolite

Agent Call. Zeclite Caxhined
volume, ft3 8.31 14,7 23.0
weight, 1b L2y 565 $%9
length, ft b2 7.35 11.55
hours (no regen.) 50 50 50

D. Cooling

Q = 87,900 BTV /hr
Wpo,Avg = 1495 1b/br
Weooling Hz0 ™ 1758 1bv/nr

150°F
Gas
‘ 130°F
100°F
Water
8o°’r
Hot Fluid Cold Fluid Difference
150°F Higher temperature 130°F 20°F
100°F Lower temperature 80°F 20°F
 50°F Difference 50°F 0

Atpea, = 20°F
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A constant temperaturé difference of 20°F exists throughout the
entire drier. Therefore it is assumed that no correction of A t is
necesssry, : '

Caloric Temperatures

. Arithmetical averages are sufficient, thus for BG Tc 125°F
for cooling water t. = 105°F.

" Consequently:

‘For BG Avg at 125°F
Mag, avg = 0-047 1/(£t)(hr)
Prcoavg " 0.17 1b/ft3
84 = Spvg = O 00272

§ = 0.248 BTU/(1b)( F)

kpg,Avg =
fa = 1
(cfpe/pe)™> = 0.89

For cooling water at 105°F

A = 167 W/(£t)(nr)
f = 61.93 in/ft3
Sy =1
Cp = 1 BTU/(1b)(°F)

k= 0.363 BYU/(hr)(£¢2)(°F/2¢)

= Kyp = O 0163 BTU/ (hr )(£t2)( F/ft)

AIR

| B =1
‘ , (cp /)13 = 1.663
-t For tube material (aluminum) at 115°F

ky = 127.2 BT/ (e )(£:2)(°B/t8)
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. Tubing and Duct

!
: Height - 1#
t
e With:2 R
Lb =2 {f

Figure F-8, Drier Tubing and Duct
Aluminum tubing:

0D, = 0.5"  wall = 0,02"  IDg = 0.46"
Fins: by = 6.25" thy = 0,035 Ny = 8 fins/inch 1in,
Arrangement: 12 tubes per bank in square pitch

A = 0.7854 £t2/rt lin.

Ao = 0.0943 £t2/rt lin,

P, = 9.4L f£t/ft 1in.

deq = 0,06 ft
© ag ®0,0115 f£t2

Mo

dey

0.01385 £t2/bank

0.0383 ft
. 834 = 0,120 £t2/rt lin,

Apfp = 2 x 12 x Ay = 2.89 ££2/vank

Y, = 0.00146 ft
re-ry, = 0,0208 ft
re/Ty = 2
Heat transfer - duct side
8, =2x12 [1x12-12(0.5+2x 0,035 x 0.25 x 8)]

= 103.7 inch? = 0.72 ft2
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1495/0.72 = 2,077 1b/(£t2)(hr)

Gy =
Req = 0,06 x 2,077/0,047 = 2,700
(2)
Jp =28
- 0.0163 b ox 1 = 21¢0
he = 28 x 0w~ 0.89% x 1 = 6.8 BIU/(hr)(ft<)(°F)

by = Avg SBG snd Dry BG = (602 + 500) 2 2 = 551 BTU/(nr)(£t2){°F)

' 251 x 6.8 = 21/ '
h'y e 6.7 BTU/(hr)(£t=)(°r)

" Heat transfer - tube side

Gy = 1758/0.01385 = 126,950 1b/{ft%){hr)
Rey = 0.0383 x 126,950/1.67 = 2,910
v = velocity of water in tube
valt _ » _126,950 = 0.57 ft/sec
36002 3600 x 61.93
hy =215 x 1.055 = 226.8 B'I‘U/(hr)(fte)(ﬁ?)(h )

hgy = 500 BTU/(hr )(££2)(°F)
nyy = 233 E 288 = 146 1Y/ (ur) (142) (°F)

Heat transfer - design U, area and number of banks
. o5
(re-rp) (a'p/k;¥y) = 0.,0208 (6.7/117.2 x 0.00146)%

, = 0,132
h'gy = (0.99 x 0.7854 + 0.09425) (6.7/0.120)

= 148.45 BTU/(hr )(£t2)(°F)
. = 4B.U5 x 146
Vas = ppine

Overall design coefficient = 36.4 BTU/(hr)(£t2)(°F)
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My s phnE = 1208 02

§, = 120.8/2.89

Rurber of banks = 42

The larger portion of water is removed by CaClz, consequently
most of the absorption heat will be generated there. Ttus, most of the
cooling has to take plcce there.

Fraction of water removed by CaCl, = 0.933, and this fraction
of heat is removed in CaCl: section.,

M, in CaCly = 42 x 0.933 = 39 banks

Ny in CaSO04) = L4L2-39 = 3 banks
or Zeolite

Each of the two desiccants is in a separate section measvring
1' x 2' in rectangular cross-section. The two sections are separated by

a screen (see Figure F-9),
Volume occupied by the tubing

vt/bA= volume occupied by the tubing of one bank
hY 2
eht T D [op,® + (0p2;~ 0D2t) thy Np] Ryfp

= T 2x12 [0.5° + (12-0.5%) 0.035 x 8] 12

e e = 104 inch3/benk = 0.0607 1t’/bauin

Volume and Dimensions of Sections

The transverse area is 2 ft2, and the side wall dimensions are
2 ft x1 ft. The volume in each section accommodates both agent and
cooling tubes. Using the CaCl, and zeolite combination:

For CaCl» section
Volume agent = 8,31 ft3

Volume 39 banks of tubes = 39 x 0,0.02 = 2,35 ft3

g on e A Al sa e

Combined volume = 10,66 ft3
Length = 10,66 & 2 = 5.33 ft

305

T R ) S T e ey



99
AsQ

7uu¢um

aetaq 9D 63 oMITL

,.\O~*v0m‘ mk\\O,,WN

:o..\\uum M\ D GU

ces—

3 F 3 H9NV— T.

FYeTen

TIide

- -t

=

WW.M

t..o ...vtu?

2 62—

. —-.uucvw

_ 1.
A
7

ﬁ

Moq Yi-be

.8..._..

ut 32J0M

995

N33e0S

306



R [ g e R T T R

Spacing of banks = (5.33 £ 39) x 12 = 1.64 4inch
¢ to ¢
For Zeolite Section
Volume agent = 14,7 ft3
Volume of 3 banks of tubes = 0,18 ft3
Combined volume = 14,88 ft3
Length = 7,LL £t |

Spacing of banks = (7.hbk 2 3) x 12 = 29,8 inch

bt

Note: This spacing is obviously not satisfactory for actual design; a
detailed study would provide for a more uniform distribution of the heat

transfer surface.

E. Pressure Losses
Pressure loss inside tubing
v = 0.57 ft/sec Rey = 2,910
£ = 0.00039)
APy = 0.27 psi
Ap. = (41 +2) x2.5x0.27/(42 x 2) = 0.35 psi
Total AP = 0.27 + 0.35

APT-water = 0.62 pSi

Pressure 1055 on the duct side

The pfeasure loss in the duct side of the drier is the sun

of the following pressure losses:

a) Pressure loss due to gradual enlargement in the
diverging cone (= A Py) which is equal to 8% of the

gage pressure in the incoming gas.

b) Pressure loss due to friction through the packed

bed (= APp).

¢) Pressure loss due to dbanks of cooling tubing (= £SP3)

m. - -
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d) Pressure loss due to removal of water (= A P}, that is,
loss of fraction of gas volume and consequently its
partisl pressure.

e) Pressure loss due to gradual contraction in the
converging cone (= A P-} which is equal to 2% of
pressure (gage) in the”gas reaching that cone.

The‘pressure losges in the three screens are negligible,

Due to the presence of cooling tubes in the bed, the volume of the

‘bed increases from 23.0 ft3 to 23.0 + 2.35 + 0,18 = 25.53 and the length from

23.0 £t 2 2 X 11.5 ft to 25.53 £ 2 = 12,76 ft. Therefore, A P2 has to be
determined for this new length of 12.76 ft. A combined A Po-3 loss 1a calculated

for L = 12,76 ft.
(1) APy =0,08 pyp
= 0,08 x 25.1 = 2 psi

(2) A Pp.3 is determined emloying the method of Alumirum Company
of Americal 1]3, for 8-lu isesh gramles. Both zeolite extrudates

and the CaCls gramuiles are in this size range.
R', = .1 Co
e T

R'e = modified Reynolda’ murber
K]_ = oo%h ft
Go = superficial mass velocity based on empty
' drier cross-gseciional area, 1b/(ft2) (hr)
2
W = Wpg Avg = (1,527 + 1.h_5h) 2 2 = 1,495 1b/nr
=¥ 1495 . 2
Go = 77 L2 = 7.5 /(1) (br)

A= Mg avg = 0047 1o/(gt)(br)

Ré = 0.23!‘3 pA 7’*7050 = 4,200
000‘7 !

(t/Fg) = 0.0425 from plm(u)

2
APy ; = (;/F/ro) z:h L et
| (£/F¢) = modified frictiem factor
L = depth of bad, ft
Ko = 4880 $t2/mr?
L - 12,76 1t | _
P = Pscavg = %17 /23

p. . = 0,0825 x (747, 2x 12,7 o 52 pai
AFa3 x 0.17 x ) Q;B_L
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(32,4 psia).

(3) APy is determined assuming it takes place at the midpoint
of the CaCl, section, that is, after the gas loses pressure
through 3 ft of bed, which 1s 0.6 psi. Thus, the pressure
of the gas at this assuredi point is:

- [Pin - (AP + 0.6)]=25.1 ...4(2 +0.6)

' = 22,5 psig or 37.2 psia

The total nmumber of lb-moles of water vapor and gases in
saturated BG is

0.862 x 0.994% = 0,857 1lb-moles/min
and that of the absorbed water is
1.054 1b/min ¢ 18 1b/lb-mole = 0.0585 lb-moles/min
Thus | |
Apy, = (0.0586 x 37.2) 2 0.857 = 2.51} 2' si
4) The‘pfessure at which the gﬁs reaches the convergiﬁg cone 1s
| [p4n = (8P + APy 5 + ARy)]=25.1 - (2 + 2.53 + 2.54)

f; = 18.0 psig

and
APs = 0.02 p, |
= 0.02 x 18.0 =0.3% psi
~ {5) Total pressure loss in the drier
A P, =ZA P,

= 2 +253 + 2,54 + 0,36

A PT = 7.!‘3 pSi

Consequently, dry BG leaves the gas drier at 25.1-7.4 = 17.7 psig
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The above pressure of 31.4 psia is more than double the assumed
pressure in the fuel tank (15.54 psia). However, the following pressure
losses have not been included: (a) losses in connecting pipes, because
we do not know how long they are and how many bends there will be, (b)
losses in control valves and instrumerts through which the gas will flow.
Also, when calculating expansion and contraction losses we assumed these
would be gralual proceases, DBecause of space considerations, it may not
be possible to accommodate the transition pileces waich provide gradual
expansion or contraction, in which case the losses would be larger than
those shown. .

‘ Nevertheless, there appears to be a sufficient margin for
operation of a pressure regulator at some position in the subsystem.

G. Gas Filter

: The ballast gzs passes through a filter before eatering the fuel
tanks 80 as to prevent carryover of dust from catalyst or drying agent.
The filter is of glass fiber met construction and is probably best located
at the exit end of the drier. It must be accessible for periodic cleaning
and replacement. .

The pressure loss through this type of filter is measured in
inches of water, and is neglected. An allowance of 3 pounds is made for
the weight of the filter and housing. : '

H. Cooling Water Tark

As stated above, the amount of water per flight is 266 lb. This
water occupies a volume of 4.3 ft3. An aluminum or plastic tank may be
used, A variable speed pump 1s neceasary to deliver the water to the drier,
to HE 3, and subsequently to the combustor. ’

The weight of the tank inclundes resistance heaters with a simple
control circuit to prevent freezing of the water. Thus

Weight of tank 24 1

Weight of water 266

Weight of pump (est.) 16
306 Ib

I. Weight Summary

The drier iz made entirely of aluminum. The outer wall is assumed
to be 1/8-inch thick, because of the weight of the desiccants. It is
possible that with properly situated reinforcements it may be thinner. The
volume of the material in the outer wall is 1,560 inch3, thus the weight of
outer wall is

1,560 x 0,099 =154 1
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The tubing material volume per bank is 56.9 inch3 and <he weight of all
banks of tubing is

56.9 x 0,099 x k2 = 237 1b

Thus
Weight of screens 10 1b
Weight of cuter wall 154
Weight of cooling tubes 237
Weight of desiccants 989
Total 1,390 1b

Drier Welght = 1,390 1b

The aggregate weight of the drier and auxiliery equipmeat is as
follows:

Drier with filter 1,393 1
Water tank 306
1,699 1b

Total weight, drier and auxiliaries = 1,699 le

REFERENCES
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APPENDIX G

DESIGN CALCULATION, EQUIPMENT FOR SST
FLIGHT PLAN KO, 2

1. Assxigmfions and cOﬁditions

As stated in text, Section VeG-m,
II. Method

A, Cenert;l

Weights of ccuponents are determined by application of scaling
and other factors to the weights of corresponding ¢ ents in Flight .
Plan No. 1. In one instance (the segmented combustor), weight is obtained
using as a basis the design of the cambustor for the Tactical Alrcraft,
Case Analysis II. No effort is made to generate designs and dimensions
expressly for this situation. No checks are made for pressure drop
through the subsystenm.

B, Scaleup Factors
. In cases whére viscosity and cross-gection differ from one

situation to the other, a heat load factor, Fo, and a Reynolds number
{auior, Fp,» can be used. The former paraneter is a direct proportionality

rQ=~¥r2
Rl

and provides a correction in equipment weight according to the change in
heat load. The second parameter reflects the change in heat transfer
coefficient and surface ares relating to Reynolds mmber:

FRe = _SFPL
' | ' Re rro
and operates inversely.
In the event there is no change in viscosity or cress-section,
nass velocity increases with the srav:lmetr:lc flow rate and causes a pro-

portional increase in heat transfer coefficient and reduction in transfer
surface, m:, one can make use of a weight factor, F,,, defined as

Py - ¥rp1
Vep2

Finally, if the cross-section changes dbut the viscosity remains constant, '
the mass velocity factor, Fg

Fg = OFP1_
GrP2

kil




is applied as a correction representing the change in heat transfer
surface,

With the exception of FQ, the above factors are based on
the assumption that surface (.-, weight) is inversely proportional to
Reynolds number. This is approximately but not exactly the case. The
actual relationship is logarithmic.

Another scaleup factor used where appropriate is the
temperature difference factor, FA¢. The heat transfer surface is taken
as inversely proportional to the ratio of At or IMID values, FP No. 2/
FP No, 1.

I1I. Vaporization Chamber
Fuel to vaporize = 6.6 1b/min ~ 60 gph at 60°F
= 73 gph at U25°F

Spraying Systems Company spray seteup No. 42 13 selected. This nozzle
requires a fuel pressure of 60 psig (thus a fuel booster pump is necessary)
and 4.6 scfm of air to atamize the necessary amount of fuel. The sprey
cone angle is 22° and its minimum length is 46 inch. This gives us the
following vaporization chamber (316-S8S):

oD = 20 inch

Wall thickness = 0,25 inch

Overall length = 6.55 £t

Weight = 202 b

Piping

Because the flow rates are larger, pipes of larger diameter are
employed. It is estima“ed that their weight will be three times that
of SST FP No. 1, thus

3 x (19.3 +13.6) = 100 1b
Heater

Although it is necessary only at the start of the flight, as a
precaution the capacity and weight are increased to double the values
used in FP No. 1, thus:

2x12 =24 1

Total weight of VC, piping and heater

Supply and outlet piping 100 1b
Spray nozzle 1
Vaporization chamber 202
Heater 2
Reaction fuel booster pump A0

Total 337 b
15
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IV, Combustor
Wpg = 5,852 1b/br
Qg = 4,382,000 BTU/hr

wuzo COO]- = 9)5& lb/hr
The differences in IMID, At, viscosity and other physical constan’:.

| ‘are, from a practical standpoint, negligible.

A, Scale-Up of Radial Reactor

Fq = 2382,00 . 2.7 (more heat to be tranaferred)

1,583,000

Assuming that the length of the cambustor is 2.77 times the length
of the radial camdbustor used for SST FP No. 1, and that the tube size,
number and arrangement is not changed (therefore the diameter remains
unchanged), we get

s - 7.625 X 2077 L 21.1 ftz
and consequently
Gs = 22%5_1% = 280 (will give larger Re and therefore larger hy)

hence

rcagno.ﬁ

280
Thus, the scale-up factor Fgoy is:
Fooy = 2:TT X 0.T5 = 2.08

Therefore, the weight of the cambustor will be 2.08 times the weight of
the combustor used for SST FP No. 1l:

2.08 x 654 = 1,1k 1

B. Design of a Segmented Cambustor

The data for BG and coolant are the same as for Tactical AC,
water vaporization section of combustor (Appendix H),

The selection of the duct cross-section to use is based on the
amount of catalyst. From Table XIV for 75% conversion:

22 1b of catalyst or 0.5h2 £t3
A 2x 2 ft duct is selected, and i layers are assumed,

16
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Volume ofBCatalyst

layer Thickness, inch £t
1 0.25 0.083
2 0.375 0.125
3 0.5 0.167
L 0.625 0.208
Total ;j;;- ;;;E;

Weight of catalyst = 0.583 x 40.6 = 23.7 b
Weight o 8 screens, each L £t2;
8xhx1,7 =544 1>
There will be 64 heating elements, each 2 ft long, thus

64l x2x0,1=12,81

Heat Transfer Surface

Tubing: ODy = 1" wall = 0,035"

Fins: b, =0.25" thy = 0.035"

IDt = 0.93"
Ny = 8 fins/inch
on = 1.5" re - 0075" % Lad 005”
Arrangement: square pitch, Nyp, = 16
Sp = S, = Vg = 1.5 inch = 0.125 £t

Duct Side Tube Side
Ap =1.309 ft2/rt a, = 0,00472 £t2 . .
A, = 0.189 rt3/rt Ryfy = 16 &y = 0.0755 rt?/bank’
Pp = 9.hb rt/1t |
d,, = 0.101 £t dg = 0,0775 L
ag = 0.9 12

Gy = 6,100 1b/(£t2)(nr)
Res = 6,480

3¢ =52.5(1)

he = 18.6 BTU/(hr)(£t2)(°F)

' - " "
hf 18.1

n7

G, = 125,900 1b/(2t2)(hr)

Ret = 29,600

i = %(2)

by = 357 BTU/(kr)(£t2)(°F)
h'i = 208 " "



re/ry = 1.5 |
Y = 0.00146 ft k¢ = 13.92 BTU/(hr)(£t2)(°F/ft) for 316-S8

( )‘/bf ' 0622‘
Fe~Tp - .

A . 0,850)
a; = 0.24h £t2/ry
Aygpp = 16 &y x 2 = 7.79 £t%/vank (2 £t long)
| Byy = 96.6 BIU/(hr)(£42)(°F)
. . | Upy =66 " "
| ' =59 ££2

Ap
N, = 8 banks
The pressure drop inside the tubing is approximately 32 psi. This would

mean that either larger tubing is necessary or a water booster pump has
to be used.

| , ‘ ' hxel Preheating Pipe
EE | Wp = LOO 1b/hr
" \ Q = 333 BTU/min = 20,000 BTU/hr

Cold Fluid Difference

Hot Fluid
. 1337°F Higher temperature L25°p N2°F
. 1337 Lower temperature 350°F 987
) | 0 Dirfe‘rexiqe | () (P
: IMID = 950°F
L By = 400 a- . (larger size tubing to use)
i 1 FQ= 3}% = 1,015 (slightly more heat to transfer)
} C 32 ’
! ' , Frem = &8 « 0,903 (mnef heat transfer surface because
| S o 950 of larger IMID) :
| 8



Weight of tubing = 3.33 x5 = 17 1b

Weight of the Comdbustor

Screens (8) sl b
Heating elements 12,8

Cooling tubing (4l 1b/tank) 352

Duct, baffles (Hastelloy C) 170
Fuel preheating tubing 17
Total 630 1b

V. Heat Exchanger No. 1 (HE 1)

The heat and mass balance calculations for design conditions of FP 2
"were done, based on the heat transfer surface determined for FP #l1. This
is not unreasonable because the cambustion air needs »nly 100°F of preheat
in FP #2 and the total heat duty is correspondingly reduced., Therefore,
the weight of HE 1 is the sume in both flight plans. (It is recognized
that a check of pressure drop might show the need to enlarge the tube size.)

Weight of HE 1 = 1748 1b

VI. Cambinstim HE 2 and HE 3

A, HE 2 section

. This section removes relatively more heat in comparison to FP #1
due to the reduced heat duty in HE 1.

WG, pvg = 5,790 1b/br
Q = 1,519,000 BTU/hr

WF coaling = 49,000 1b/hr

Hot Fluid Cold Fluid Difference
12ULF Higher temperature 350 8ok
340 Lower temperature 300 Lo
90k Difference 50 85k
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IMID = 275.5°F R =18 ST 0,05 Fp=0.975 At = 257
Fq= l%,lgl_ogﬂ = 15.84 (more heat to transfer)

F a N . 0.352  (improved heat transfer via larger At)
At 267 e , .

= 1603 = 0.277 (improved heat transfer via larger mass
5790 velocity of BG)

Fgouy = 15.84 x 0.352 x 0,277 = 1,5ub

Thus a larger heat transfer area is necessary, which affects the

weight as follows:

154k x 157 = 205 b

A further correction is needed to allow for larger tubing because

the flow rate of fuel coolant has increased 15-fold. Inspection of tubing
charts indicates the increase in weight per linear foot will be 15-28%, and
a value of 20% is chosen. This is applied to the weight of tubing only,
which represents 109 1b in the exchanger for FP #l.

(109 x 1.544) x 0.2 = 34 1b -

Therefore, the weight of HE 2 section becomes

205 +34 =239 b

HE 3 Section

Wpg = 5,660 1b/hr

Q = 540,000 BTU/hr

W10 cool = 4,560 1b/hr

The only items that change are the flow rates and the heat laod.

= 540,000 _ 3.1

(more heat to transfer)
174,000

Fa

Fg . = 1603 = 0,283 (icproved heat transfer at higher
BG 5660 mass velocity)

Fsc_u = 3-1 X 00283= 009

320
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This indicates that no increase in heat transfer area is necessary,
However, to avoid an excessive pressure loss in cooling water, tubing of
larger size is required. A 15% increase in tubing weight is estimated, thus
127 x 0,15 = 20 1b
and HE 3 will weigh 205 + 20 = 225 1b.
VII. Drier

"BG, avg = 5,420

Q = 302,000

W10, cooling * 9,590 b /hr

No pressure losses suffered by the BG were calculated. Because it

has been assumed that a large loss takes place in the tubes of HE 1, it
is estimated that the BG will reach the drier with the same pressure as ‘
in the case of SST FP 1, namely 37.8 psia, despite the fact that the initial
air pressure is higher (160 psia) in FP #2. -

Vspg, 4n = 158.9 (3.145 x 1,012) = 506 cfm

VDry BG, mt = 1%.8 (301!45 X 0.91‘14) = 5& cm

VBG, Avg ™ 545 cfm

Us the sumary of data for CaCl- and zeolite (Section VII,
Appendix F) and applying the volumetric factor

F -2‘2 = 3,708 we get:
Vol = 37

Agent CaCly Zeolite Cambined
Volume, £t3 30.8 5k.5 85.3
Weight, 1b 1,572 2,095 3,667
Iength (ex tubing) 5.14 9.08 .22
Hours (no regen.) 18 185 18

The length is a function of the cross-section, which in turn
is a function of the parameters and recommendations for zeolite desiccant
.given in Section VII, Appendix F.
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Cross=-section: width

i

C3re

height = 2 ft

area ' a 6 ft.a

Cas velocity = 545 & 6 90.8 £t /min

-

Length zeolite section = 54,5 2 o '=_§.08 ft

Equivalent circle diameter = [(l& x &) -:-11'_] 0.3 2.77 1t

L/D 9.08 2 2.77 = 3.28

for zeolite,

Thus the above cross:-gsectiqn satisfies._all the criteria

Using the same size tubing as in SST FP 1, the following

changes take place because of the new c-oss section:

Nt/b = 24

ag = 2,16 t2 _
Gs = 2,510 1b/(£t2)(hr) .
Ay p, = 00277 £t2/bank
G, = 198,600 1b/(£t2)(hr)

« 302,000

Q= Ero T M

= 2,077

F =127¢000 =
G ~ To8.600 - 064

hence

Fgey = 3.4 x 0.827 x 0.64 = 1.8

Consequently, the weight of the cooling tuiting béccxnes
' 237 x 1.82 = 431 1b

The duct weight is calculsted for the new size of drier using
f-inch thick alumirum sheets. Volume material 5,830 inch3, and the weight

is 577 b,




Final Note

Thus:

Screens (3 x 6 £t2 x 1.7 1b/1t2) 30 1

Weight of duct 77
Weight of cooling tubing 431
Weight of desiccants 3,667
Weight of gas filter : 10
( cooling water 285
Accessories { yater tank 20
pump 30
Total 5,050 1b

Optimization of the entire system for SST FP 2 in general, plus ad-
Justments for the smallest possible pressure losses in BG, would lead
(in addition to general reduction in weight) to reduction of the volumetric

flow rate of BG (as it would be under higher pressure).

In situations where

the quantity of drying agent 1s dictated by performance efficieucy; this
should result in a further weight reduction,

REFERENCES
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AND EQUIPYENT DESIGN FOR TACTICAL ATRCRAFT
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APPENDIX H

HEAT AND MASS BALANCE
AND EQUIPMERT DESIGH FOP TACTICAL AIRCRAFT

I. Material and Heat Balance for Design Conditions

Case II differs from Case I (for the SST) mainly in that
exchanger HE 3 1s omitted because the fuel used as coolant in HE 2 is
cold enough to condense a substantial amount of water from the combustion
products, and deliver the uncondensed gases to the drier at 85°F. A
minor difference between the cases is that conversion level in Case II is
75% versus 9% in Case I, In view of the similarity in calculations to
those presented in Appendix E, fewer details are listed. .

Conditions and flows are set forth in Figure h3 Following
is a tabulation of the important values.

Molar volume of vapors in fuel tank 476 ft3/1b¢¥nole .
, Air requirement (volume) 18‘* efm
(1b-moles) o '. . 6.386
(weight) A 11,2 1b/min
Water formed _— : 0.73 lb/min

Fuel requirement 0.833 1b/min
Combustion iroduct Mixture: -

Component % Vol. % Wt. Flow, 1b/min

N2 ™.Nn 71.36 8.57
oz 9.93 = 191 1.79
 Hz20 1 9.93  6.10 0.73
0z b.97 5.42 0.65
Gl OM6 2,21 0.2
100,00 10000  12.00
Excess fuel (condensable) | 0.252 1b/min
(non-condensable) ‘ 0.013 1b/min
Dry BG (ex non~condens. fuel) 1102 1b/min
Preheat temp. (air + fuel mixture) 1,120°F
Heat removed via combustor coolant 9,060 BTU/min
. 306 ;
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3wt transferred in KB 1

to air
to fuel

Texp. of BG leaving HE 1

Condensed in HE 2:

water

fuel

Beat removed from BG in HE 2

Flow of coolant (fuel) to HE 2

Temp. of BG leaving HE 2

Fraction of water condensed in HE 2

303 BIU/min
74 BTU/min
1,234°r

0.439 1b/min

0.252 1b/min
4,330 BTU/min
95 1b/min
&°r

60%

The remaining L4OY of the combustion water is removed in the drier. However,
in calculating the capacity of the drier over an entire flight, allowance
mist be made for the fact that during 75% of the flight average conditions

prevail and 70% of the water is removed by condensation.

flight:

Water condensed

Water absorbed in drier

Heat duty in drier

Coolant flow to drier (and cambustor)
Temp. of coolant (Hz0) leaving drier

Thus, over the

2.86 1> (67.5%)
1.37 1> (32.5%)
411 PTU/min
8.3 1b/min

89.5°F

The water leaving the drier at 89.5°F is delivered to the combustor for
cooling duty, where it is converted to steam.

The molar quantities for design calculations are as follows:

Fasr

Nair-fuel

L ¥Te
B

MMoist Ballast Gas

0.386 1b-moles/min
0.392 lb-moles/min

0.409 lb-moles/min
0,366 1b-moles/min

(includes dry gas plus non-condensed fusl vapors)
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Equipment Désign ‘
" The following presentation highiights the calculations and sume

marizes the results; details are given only where the calculation
methods differ essgntiany from those used in Case I,

a. Air and Fuel Feed . _
1. Air Pipe from HE 1 to Anmulus of Vaporization
Chamber Outlet Pipe '
The air in this pipe bas been preheated 1?: HE 1.
Waqp = 11.2 1b/min = 670 16/hr
t = 1,300°F
P = 36,0 psia
Pipe material = 316 SS
QD = 2,25 in D =2.121n
Re = 0.1767 x 27,400/ 0.1007 . = 48,000
AP =18 psi/iOO ft pipe
 equivalent length (incl. fittings) = 35 £t
AP = 1.8 x0.35 = 0.65 psi-

P reaching annulus of outlet pipe cunnecting
vggrization chamber and reactor = 35.3 psia

Woipe = 6 x (1.5 1b/ft) =9 1b

2. Vaporizatioﬁ Chamber‘ Inlet Pipe
Air for atamization = 3.7 cfm
= 12,2 b/hr
. Pipe material a 316 S8 |
oD = 0.5 in ID = 0,48 in
Re = 390
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AP = 0,07 psi/100 £t
equivalent length = 12 ft

AP = 0,01 pst

Py4y reaching nozzle = 35,0 psia

Welight of pipe = 5 x (0.12 1b/2t) = 0.6 1

3. Preheat Fuel Pipe

Wp = 0.833 1b/min = 50 1b/hr
t = 300°F

Pipe material = 316 SS

1/8" IPS schedule 5

0D = 0,405 in ID = 0,335 in

Re = 2,530
AP = 0.29 psi/100 £t pipe
equivalent length = 11 ft
AP = 0,04 psi
Weight fuel pipe = }ﬁ

L, Vaporization Chamber (VC)

Nozzle

The mei delivery i1s 0.151 gpm

Ilinois) is selected,
Welght of nozzle = 0.5 1b
Spray angle = 18°

Minimm cone length =27 inch
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VC Dimensions and Weight

_ Referring to the following diagram which represents
one-half of the transverse section, by geometrical relationships we find:

-
r—— 27"
- —Y

Y = 30.2 in

.

. | R =4.78 in

Z =17.8 in
Since ID of inner core of outlet pipe is 1.22 in,
r = 0,61 in, thus

X =25.6in
) I.vc=h2.6 in

e Tty wro

s e st o o A S St b < e i e —————
"




e S o SRS B

T e

IDyc = 2R = 9,55 in
wall thickness = 0,125 in

ODvc - 9081 in

Using a density of 0.29 1b/in3 for 316 SS, the
welght Wy = 27 1b

Pressure Drop in VC

The total loss of pressure in the nozzle and vaporization

chamber is estimated at 20% of the gage pressure of the air reaching the
nozzle, Thus

AP =0,2x21,04 = 4,21 psi

and the fuel-rich mixture leaves the vaporization chamber at 16.8 psig
or 31.5 psia.

5. Heater for Vaporization Chamber (VC)

During the startup pericd, air is available at 250°F,
and cannot be preheated in HE 1 uutil the combustor approaches operating
temperature. Temperature, enthalpy and flow rate data are used to calculate
the amount of heat to supply via electric heaters to insure vaporization eof
the fuel,

Q = 5,010 BTU/hr
The required heater is

010
%:-,.—1—0 - 1.5 X0

However, during sudden accelerations it may become
necessary to have additional heat, hence a 3 KW heater is assumed, and its
weight is estimated at 3 1bs.

Note: This heater functions only to heat the fuel-rich mixture
passing through the VC. The bulk of the combustion air is
heated by elements located within the anmlus of the VC
outlet pipe, and the final mixture obtains heat from elements
located in the carbustor.

6. VC Outlet Pipe

This double pipe is designed in such a way that dboth
fluids (fuel-rich mixture from VC and the bulk of the air) arrive at the
combustor with the same pressure, The pipe for Case II is the same as that
used in Case I, and details are given in Figure p.2 in Appendix P,

i
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Inner (core) Pipe for Fuel-Rich Mixture

W A mix = 12.2 + 50 = 62.2 1b/hr
tnix = 1,120°F
In a manner similar to that used in Case I it is determined that

Cp-p mix = 7790 1b/ft2-hr
Re L 11,100
A PlOO = 0,14 psi/100 ft

Since 2.8 ft of pipe w1l be used,
AP =014 x 0,028 = 0,004 vsi.

and the fuel-rich mixture will reach the combustor
at 16.8 psig.

Anmular Space for Air

Wayp = 11.07 Ib/min = 664 ‘i’b/hr
t = 1,120°F -
Again, by methods used in Case I, we find
Ga = 56,300 1b/ft°.hr
a = 9,000

Apa .x gsi{ft

The air reaches the anmlus at 20.6 psig (see above)
and the fuel-rich mixture reaches the combustor at 16.8 psig. Equalization
of the pressure requires that the air stream lose 3.8 psi on passage through
the anrmlus. ‘

Consequently, the length of the pipe is

3.8
-‘l-.—3-5- = 2.8 %

Weight of the VC outlet pipe

The weight of thie double pipe, with fins and heating
elements is %.65 1b/ft.

Therefore, the weight of the outlet piping is:
4,65 x 2.8 = 13 1b '
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7. 7Total Weight of Air and Fuel Feed

Air pipe (main) 9
" Afr pipe (VC inlet) 0.6
Fuel pipe 1.3
Vaporization chamber 27
Nozzle 0.5
Heater 3
Outlet piping 13
Aﬁded for fittings 0.6

Total 55 Db

b, Combustor

The respective advantages of the radial reactor and the
segnented reactor have already been mentioned, The segmented reactor 1is
chosen for the tactical aircraft mainly because it is simple to construct
with catalyst separated fram cooling coils (hence no need for catalyst
diluent just to submerge the coils)., Reactant mixing is less easily
accamplished, however, and the temperature gradient through each layer of
catalyst is probably greater than would be the case with closely spaced
coils in the radial design. Although not evaluated in this study, a
segmented radial design night represent a good cambination of the favorable
features in each design. ‘

Pig. 35 & Uk show schematically how the segmented reactor ties
in with other camponents, and also indicates the staged introduction of com-
bustion air. Determination of the exact amount of air to be admitted at
each stage has not been made, This will depend largely on safety considerations.
For the present conceptusl design, a simplified approach is taken. It is
assumed that all the air and fuel enter the combustor simultaneously from the
double pipe inlet and mix well before reaching the first catalyst layer. To
assure attaimment of the desired conversion level, thicker catalyst layers
are used as the advancing mixture of gases becames more and more oxygen depleted.
Thus the first layer is shown to be #-inch thick, the second 3/8-inch and the
third 1/2-inch thick, Other layers, if necessary, may be thicker by the same
or different increments. The heat transfer surface requirements are calculated
for the total heat load (not for individual segments), and used to determine
the total mumber of cooling banks. No attempt is made to distribute or assign
a given number of dbanks to a giver segment. The pressure drop is calculated
for the entire unit, assuming some average property values for the gas.
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The cross-section of the combustor can be varied. It governs
the velocity of gases. Together with the required volume of catalyst, it
determines the total thickness of the individual layers, and the pressure drop

- through the unit.

Distribution baffles are placed in the civerging entrance
section of the combustor, to mix the entering gas streams and to distribute
the resulting mixture to the first catalyst layer.

The ‘heating elements immediately in fromtof the first catalyst
layer are used to preheat the combustor at the start of a flight, and to
supply additional heat when needed after the initial warmup.

1. Catalyst and Combustor Cross-Section

As previously caiculated, the anount of catalyst for
75% oxygen conversion at the design conditions is:

0.066 ft3 or 2.7 lb.

Several trials showed that a 1 ft x 1 ft square duct
provides a reasonable configuration, with three catalyst layers of 1/4",
3/8 in, and 1/2 in thickness. The volume of catalyst is distributed as
follows:

Iayer Thickness, inch Volume of Catalyst, ft3
1 0.25 0.0209
2 0375 0,031
3 0.5 0.0419
Total 1.125 inch 0.0942 rt3

- Thus, the weight of the cataly:st used is
0.0942 x 40.6 = &b___

This is about 4O% in excess of the calculated amount. The excess is regarded
as assurance that the desired conversion will be achieved when a charge of
catalyst nears the end of its service life. Alternatively, the 40% additional
volume could be occupied by a low-density gramlar diluent, in which case a
reduction in weight would be effected, equal to

(0.05% - 0.066) (40.6 = 25,0) = 0.k 1b

Six screens are required to keep the catalyst in place.
Assuming a 0,041 inch wire diameter the unit weight is 1.7 1b/ft2 and the
welght of six screens is

6 x1.7=10.21b
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2. Heating Elenents

The heating elements are ihielded elect . yesistance
wires. They are 3/16 inch in diameter and are spaced 0.37 .. ¢ to {.

Thus there are
12 3 0.375 = 32 elements.

They veigh sbout 0.1 1b/ft, thus their weight 1-

2 xOl = 3,21b

3. Data for Transfer of Combustion Heat
The overall transfer of combustion hest may be described
as follows: . : ' oo
WA-F mix = Wypg = 12.003 1b/min =.720 1b/hr
"nzo cool ™ 8.3 1b/min = 500 1b/hr
QUotay ™ 97064 BIU/min = 544,000 BTU/nr
Q1,0 Preheat ™ 500 x 1 x (212-90) = 61,000 BTU/hr

Q1.0 vapariz = 500 {1,150.4-180) = 483,000 BTU/hr
Moist BG is to be maintained at 1,337°F.

Cooling water enters at 90'1-", is preheated to 212°F, then
vaporized to steam o.t 212°F.

1,337°F Gas » 1,337°F
212°F 212°F
Steam - - - .
\ 90°F
. water

Since cooling water reaches the cambustor at 90°F and
1enves as steam at 212°F, two sections are considered (one in which water
is preheated to 212°F and the second in which water is vaporized) rather

than one section for which the properties of water at 90°F are averaged
with those of steam at 212°F. Also, it is assumed that in the vaporization

portion the air-fuel mixture comprises 20% of the gas.
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(a) Water Preheating Bection

Ho* Fluid Cold Fluid Différence
1,337°F Higher temperature 212°F 1,125°F
1,327°F lower temperature 90°F 1,2h7‘?

0 Difference | 122°F 122°F

D = 12247-1,125 4 ggsep

1,247
=Sl
2.3 log 1,125
0 . 122

Fp assumed to be 1, that is, no correction
AT = 1,185°F

Te = 1,337°F for MBG

te = (50 + 212) ¢ 2 = 151°F for cooling water

For MBG &« 1,’37°F and 30 psia we get:

3
Component cp Conductivitg
Weight W, VisCosity, Sp. Heat BIU/(hbr }{rt2)
Component __ 1b/min cps AW BTU/(1b)(°F) _Cp¥ (Cr/rt) _ _xW
) €02 1.79 0.0385  0,0689
, Na 8.57 0.039 0.334
. 02 , 0.65 0.0458  0,0298
v HzO-Vapor  0.73 0.0363  0.0265 0.545 0.175  0.073 0.0¢
. Fuel Vapor 0.26 0.027 0.0072 0.815 0.216 0.0421 0.0]
. 5 Air® 11.01 - - 0.272 2.9%  0,0388 0.b3
il Tota 12,017 0.1665 3.389 0.h¢
. |
.| Epropertyx ¥ 0.0389 0.28 0.0
Lo ZW
|

 properties of air were used whenever properties of €Oz, No and Os were
unavajlable, The weight of air 3=z equal to the sum of weights of COz, Np and O

Mirhe total weight is equal to the sum of weights of COa, Nz, Oz, water vapor
and fuel vapor (or air, water vapor and fuel vapor).

el e S
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Mg = 0.0389 cps = 0.0% 1b/(rt)(nr)
Cp pg = 0-282 BTU/(15)(°7)

. R TR

kyq @ 0.0415 BTU/(hr)(££2)(°F/1¢)
1/3

(g’;:%- 0.862

Fao = 1

Vi = 642 ££3/1p-mole
Vpy = 10.57 (1.7 £ 30) = 5 23/

Voo = Y X (Mg, * B, * Koo, * M0 vagor) * Vrov * (Bpoy(eotar)
x 150)

| ! | = 0,407 Vy + 0.265 Vp_y = 263 cfm
i P pg = 0.0u57 1b/rt3

. = o.co0m2
; Yor cooling water at 151°F ve get
M=ol eps = 1.965 1b/(2t)(nr)

cp = 1 B1U/(20)(°F)

T X = 0.376 BT/ (ur)(£2)("F/2t)
§ (%ﬁ— Y3l 1w
) | Jay, = 0.05 eps
. ab _ (o.hn) O
: - (Gham) ° -G - m
| b p- 8.18 1b/gal = 61.2 1b/rt3
15 1 8=l

v - 3
‘ V1.0 Cooy = 001635 £t5/1
Vi.0 Cool ™ 8+3 X 0.01635 = 0,136 cfm = 0,00226 cfs
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(b) Water Vaporization Section

R
B
g
i
&
3

{ © Hot Fluid . __Cold Flutd Difference
| 1,337°F Highe’f temperature - 212°F 1,125
1,337°F Lover temperature - 212°F 3,125
E g N -0 Difference | B o
Thus, in theory, a constant temperature difference
of 1,125 exists at all times and no temperature correetian is applied,
At =1,125°F |
TC = 1)337.P
N s - .
S | t, = 212°F
S , Propertigs of Gases at 1337°F and 30 psia
These gases consist of 80% moist ballast gas and 20% air-fuel
mixture. For BG the values used in the water prehesting section apply. For
the air-fuel mixture: ' Co
4 A Property Alr Fuel Vapor Air-Fuel Mixture
v A w/(et)(nr) 0.102 0,065 . 0,099
B Cp» BTU/(1b)(°F) 0.272 0.815 0.31
: L k, BTU/(hr)(£t2)(°F/tt) 0,038  o0,0u21 0.039
' VAP mix = M X Fagr * Vpy x Wp
; S = 642 x 0,387 + 5 x 0.833 = 252 cfm
; _ i The general expression used to determine the properties of interest:
i Propertyjyg = 0.2 Propertyp.p pix * 0.8 Propertyys
i f ! "
; 5 3 °. hr
% . Miavg = 0:0% n/(rt)(‘ )
} E i Cp Avg ® 0,268 BIU/(1b)("F)
| i k = 0,041 BYU/(hr)(£t2)(°F/1t)
1
| (chs")‘Avs)B = 0.874
i#) K
, Avg
338
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¢Avg =1

vAvg = 261 cfm ‘
Pve = 0,046 1b/rt3

s‘”s = 0,00074

For Water and Steam at 212°F

Property M gt._e_g_n;__ Avergge'
A /() (or) 0.63 0.0303 0.33
Cp» BTU/(1b)(°F) 1 0.35 0.68
k, BTU/(hr)(ft2)(*F/rt) 0.41 0.016 0.213
V, rt3/1p 0.01672 26.80 -
V, ctm 0.1388 2224 11,2
& /1t 3 ~ 59.8 0.0373 0.075
s : 1 0.0006 0.0012

( & avg Aavg 1/ 3
leB = 1.018
fe = 1.33

(c) ‘Tubing (316-s8)
Tubing: ODy = 0.75" wall = 0.025" I, = 0.7"
ky = 13.92 BTU/ (br)(£t2)(*F/2t)
Fins: by = 0,125" the = 0.035" M, = 8 fins/inch tubing

Te = 0,5" r, = 0.375"
Bank arrangement: square pitch
N fp = 12 tubes/vank
Sp=5,=V,=1"

®Arithmetic average values are shown except in the case of f avg? which is
WHz0 cool $ Vavg » and ' }

the specific gravity, swg, vhich is obtaineds
savg = P‘vg % 62.!‘
‘339
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Duct Side

Ap = (12 - 0.75%) x 2 x 8 x 12 = 66 nch?/1t = 0.U58 1/rt

Ag = Wx0.75 x 12 x (1-8 x 0,035) = 20.b inch®/ft = 0,141 £t¥/1t

P =2x0125x2x8x12 *‘_2 (12-8 x 0,035 x 12) = 65.3 inch/ft

P a5.hbort/rt

2.(0.458 + 0.1k
des -. (5.]‘2 .; 1;‘) = O-W ft

8y =12x1 [12 x 112 (0.75 + 2'x 8 x 0,035 x 0.125)]= 25

.9 inch? = 0,18 £t

6 =% = 1,000 1v/(rt2)(hr)

na = 602 B/ (br)(t?)(°F)

Tube Side

o =X x0.72 =038 tnct® - 0,0067 1%

Agp =12 8 = 0,032 £t2/bank

 dgg = 0.7 212 = 0.6583 £t

6 =B = 15,600 15/(£42)(br)

by, = 560 BTU/ (br )(££2)(°F)
Fin Efficiency and Inside Tube Area

T e
T, - G375 - 138

¥, = (0.03522) 312 = 0,000i6 £

(re=Tp) o 9:5-9.3T5 Jmh' o mte 0.5
e rb E?b' 12 : . [ X 0, | = 9001& (0.0203)
8y = ¥x 0.7 x 12 = 26,k inch2/ft = 0.;83 ftelﬁ; |
Ajgpy =128y x1=2.2 £t%/vank
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Pressure Drop, Duct Side

Vg =1 x1lx -12:}: [0.75 +0035!3(12-0-752)]

= 0,0385 rt3
8, =12 (0.458 + 0,141) x 1 = 7.19 £t2

D'gy = '.‘..’_0_23_82 = 0.,001h £t

0.4 (o oelh)
-

‘4, Heat Exchange Surface

(a) Water Preheating Section
Heat Transfer - Duct Side

Q. 4,000
Res = 2550 = 3,00

Jr = 30 (see Ret. 1)

be = 302320 4 0.8 x1 = 15.3 T/ (e )(2)(°)
bty = 15-3X5% 15 mm/(ar)(nt2)(F)
Heat Transfer - Tube Side
- 9.0583 x 15,600
Ret = 22735 = &0

Jug = 6 (see Ref. 2)

hy =6x 3'0563 x 1.L15 x 1,33 = 72.8 BTU/(hr)(£t2)(°F)

= 72.8 x 500 2
h'y %8-7270- 63.6 BTU/(br)(£t<)(°F)
Heat Transfer = Overall U and Area

(re=Tp) BT . 0.28
kY, .
L = 0,975 (see Ref. 3)
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h'gy = (0.975 x 0.58 + 0.141) §if5 = 48.1 BTU/(he)(12)(°F)

L8.1 x 63.6 IV
Upt CTETaEd = LA/ (he)(ft)(F)
61,000
AiT = 27.“ x l’l 5 = lo88 fta

= 1.88 1t

(b) Wster Vaporization Section

Heat Transfer = Duct Side

v Agn, Ho0-liq
\
|
\
\

g = 29.6 (see Ref. 1)

0.07

n'ew 222802 o 2.6 B/ (ar)(et2)(°F)

by = 29.6 x 2L 4 o871 x 1 = 15.2 BOU/(ur)(2)(°F)

. Heat Transfer - Tube Side

: , 0.0583 x 15,600

dpg =22 (see Ref. 2)

by =12 x S:2-x1.008 x 133 = 59.3 BT/ (br)(£:2)(°F)

n'y = %—:—%—?g%% = 53 BTU/(hr)(£t2)(°F)

Heat Transfer - Qverall U and Area

? e &

ot B ot s R e B e+ 2 2k e men e dewrd

5 32

( ’ (re=rp) Jn'r = 0.28

§ ke¥p

P ; &= 0.975 (Ref. 3)

& 1.8

i % , h'g; = (0.975 x 0.458 + 0.141) ot B 47.5 BTU/(hr)(£t2)}(°F)
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-"'x - 2 )
Ups I;LL—:3‘7,5,53 25 BYU/(nr)(££2) ()

‘ﬂ‘ - h83,000

2‘)- x 1,125

= 17.14 £t2

Aiv, HoO-stesn ™ 17.1b £t2

(¢) Naxber of Banks

Mr = Air, go-12q * Air, HoO-Stean

= 1,88 +17.14 = 29 2

N, = 22

= 8,65 9 banks

-} Muber-ot-vooling tubing banks = 9 | ——~—

5« Pressure Drop

(a) Dpuct Side

The pressure drop in the BG as it flows through

the cambustor is the summation of five individual losses, each of which
is calculated as fcllows: '

Pressure loss due to gradual expansion:

Pressure of gases reaching combustor = 16.83 psig = 31.5
loss in diverging cone estimated at 8% incoming €as

pressure., Thus

Consequently, the pressure of air-fuel mixture reaching
the heating elements = 15.48 psig = 20.18 psia,

Pressure loss through layers of catalyst:

Yo

= velocity of fluld in "empty" bed, ft/sec

261 cfm
Vo " TX I x%0 sec/ain = U35 ftfsec
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Dp = 0.00625 ft
P~ 0.046 1o/rt3

| | ' ),1 = 0,095 1b/(ft)(hr) = 0,0000264 1b/(ft)(sec)

Re = 0.0063? x 0,046 x 4,35 _ bl

thus‘ the flow is turbulent; .onsequently
236 015 xLx f°'85 x Vol x ag

by 135 x 1k

Sviohn 4

A P2

S PN L AT ] e

: L = bed thickness = 22 * (1)5375 * 02 . o.004 rt
' ‘ : Ap = wall effect factor = 1 |

AP, = 2:36.x (0,0000061)0-15 x 0.00k x (0.046)%& x (4.35)29 x
Lt = (0,00525 )L 15 x 1hk

y | | ~ AR, = 0.12 psi
T e Pressure loss through screens: ’
For method and data see under Combustor, Appendix ¥
| | P= 0.046 1b/rt3 = 0,000737 g/ce
;o . | A= 0.095 1b/(t)(hr) = 0,0393 cps
| . promz |
; S o Vo = 4.35 ft/sec

= EVo E = Ela? x h.35 X 0.m§7 -
Re = =2 0.0393 o7

o € = factor from mamufacturer's graph = 1,05

iia

d.‘s 0.05

= APV = 0.05 x 0,000737 x (L.35)< _
AP, __c_2£_9_. o _ 0.00064 psi
yper screen

since there are 6 screens

APy = 6 x 0,00064 = 0,004 pei (negligible)
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Pressure loss due to cooling coils:

It is assumed here that the bank of heating elements
and the fuel preheating pipe each have the same effect on
pressure drop as one bank of cooling coilw, thus

%-(Nb+2)v.-(9+2)x% = 0.92 rt

f =0,00285  (Ref. 1)
» 2
AP £ x Gsc x Lo

o.h 0.6
= (_D_:_G_V_) SL
. 5022 b 4 1&0 X D'gv X Ss b 4 g‘ ST . ('g;)

0.00285 x (4,000)2 x 0.92 x 0.58 x 1
5_'22_:(2‘6181 x O-.'021_5'_x—':05 g""“i"ooorne x1 ™ _&z_

Pressure loss in “orifice™:

This orifice is used during startups as the supporting
frame for the "flaps" used to isolate the rest of the system
until the combustor is brought up to temperature.

For details of method see under HE 2, Appendix F.

A/
‘ V" —axﬁ- = mo—(.’Lla = 2h1ﬂ/sec

By Y2 = (1) .

2g Zx357 9 ft (column of BG)

Thus p, = uﬂ?_— 0.003 psi

Aj = 12 x 12 = 144 inch?

Ap = 8 x 8 =64 inch? (2 inch high barrier)
Ae/Al = O.hl&

(-}- - 1). 0035
)

APs = 0,35 x 0,003 = 0,001 psi (negligible)

Total pressure loss in combustor duct
APp = 1.35 + 0,12 + 0,004 + 0,03 + 0,001

APT = ozg 251
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Thus the pressure of moist BG leaving the combustor is

: = 30,02 psia

§ PMBG‘ leaving combustor = 30f0 psia

i | (b) Pressure loss in tubes
| G, = 15,600

| Ret- = 860

‘ £ =0,0006 (Ref.})

| ‘ . A . 0,0006 x 15,600° x 1 :
- Poank ® 5722 x 1010 x 0.0563 x 0.0012 x 1.33

poo = 0,03 psi/l ft long bank

Each return bend or header is equivalent to 4,2
linear ft of pipe thus

AP tyrn =003 xh2 = 0,126 psi/return

n

. ' Consequently, total pressure loss in tubes is’
Apt, Total = 9 X 0.03 + 10 x 0.126

= .23 gsi
6. Fuel Preheating Pipe
This pipe is located at the downstream end of
the combustor rather than in HE 1 because this ailows the fuel to be pre-
heated during the start-up operation.

i The tubing size and heating method are the
same as for the SST, '

Wp = 0.833 1b/min = 50 lb/br
Q = 74 BTU/min = k440 BTU/hr

e e s b st e £ 5 T v et i e R TR b 2 = C e e e s e e e e - e e e -

PSSR |




ik dcions

o v

i R A T AP SR et e Ep N

POV

1,337
1,337
()

Hot Fluid Cold Fluid Difference
Higher temperature 300 1,037
Lower temperature 150 1,187
Difference 150 150

, . 1,167 - 1,03
IMTD —L-——:L"TB% = 1,109°F

No correction is applied.

Te = 1,337°F
te = 225°F

Data for BG at 1,337°F are given above.

Data for fuel at 225°F

JAF = 0.55 cps = 1.33 In/(ft)(r)
Cpp = 0.580 BTU/(1b)(°F)

kp = 0.0757 BTU/(hr)(£t2)(°F/rt)
(co p/x)/3 = 2.17

fr = 5-787 1b/gal = 43.3 1b/rt3

Sp = 0.69%

fr =1.09 .
Asguming 5 tubes in the bank, we get

ag = 14k ~ 5 (0,405 + 2 x 0.1 x 0.035 x 8) 12
= 116.3 inch? = 0,808 ft2

Gs = 900 Ib/(ft2)(nr)

Reg = 380

Jg = 6.8 (Ref. 1)

np =6.8 231 1 0,862 x 1 = 6.2 BIU/(r )(£2)(°F)

h} = 6.1 BTU/(nr)(rt2)("F)
Gt = 50/0.0006 = 83,400 1b/(£t2)(hr)
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R = 1,750
= . L (Ref. 2)
hy '-_"h- el x 217 x 1.09 = "5.6 BIU/ (br )(££2)(°F)
bg = 250 BTU/(ur){£t?)(°F) = '
h'y = 23,2 B/ (e ) (£2)(°F)
n - 0.99 (ass;med the ssme as for 8ST)
hay'e (0,99 x 0,215 + 0,0764) Sl « 20 Bru/(hr)(£12)(*7)

20

. 23.2x20 _ . 2y(e
Upt.® S35 +g0 - 207 BIU/(ar)(rt7)(°F)
- 4,440
Ay 0.7 x 1, 109 - o.b 12 4 re2
A ,
- _3'_1'_ = _0b - :
wT o v hafels
This will give approximately the 5 passes assumed initiany
Weigit of tubing = 4,5 x 0,263 +2 x 0.114
gl O]
7. Weight |
- A1l equipment items are made of 316-SS, excep’Ic vhen
specified otherwise, Co S
. | Catalyst 3.8 1
A Screens (6) 10.2
‘ Heatling olements . - 3.2
- Fuel preheating tube ‘ 1.5
. Cooling tubing (9 x 6.8 1b/bank) 61.3
. : : Duct, baffles (Haste]loy c) 30.0
. | , © Total - 110.0 b
.
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¢, Heat Exchanger Mo, 1 (HE 1)

EE 1 1s located immediately aftcr <he combustor. The “orifice®
that separates them houses flaps which can be used to isolate the come
buator from the rest of the system during start-up. The cross-saction of
HE 1 is rectangular, 2 ft wide x 1 ft high,

1, Heat Transfer

The size of tudbing, "t/‘b’ and its arrangement are the
same as in the combustor. :

Q = 22,600 BTU/hr

Wpg = 720 1b/hr

Wyyp ™ 620 1bjur .
Alr enters at 1,200°F and leaves at 1,300°F

Moist BG enters at 1,337°F and leaves at 1,23°P"

Hot Fluid (BG) " Cold Fluid (Air) | Difference
1,337°F Higher temperature 1,300°? 37°F
1,234°F Lower temperature 1,200°F 3B°F

103°F Difference 100°F 37
IMTD = 35.5°F | |

R=1,03 S = 0,73 Rp = 0.7 (ref. 5)
At = 24.8°F

Caloric Temperatux?e

Arithmetic averages are sufficient, thus:
for BG: T, = 1,286°F
for air: t. = 1,250°F

Data at above temperatures

BG at 1,286°F and 28.75 psia
JBG = 0.0383 cps = 0,0926 1b/(ft)(hr)
¢ BG = 0.3 BTU/()(°F)
kpg = 0.0405 BTU/(br)(£t2)("F/1¢)

®Allowing for heat given up in fuel preheating.
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kpg

Poo = 1
VBG_. 266 cfm
P 0.0451 1b/rt3 s = 0,000722
Alr at 1,250°F and 4O psia
Hair = 0,041 cps =‘0.0992 1b/(ft)(hr)

‘;pair = 0.27 B‘i‘U/(lb)('F)
Kgyp = 0-9376 BTU/ (hr ) (££2) (°F/ft)

o fgair/“air 1/3 :
( kair > . = 0,85

Pasr = 1
Vagr * 177.2 cfm
Pasr ™ 0.063 1b/ft3 s = 0.00101

Heat transfer: duct side, BG

ag = 0.36 ft2

Gy = 2,000 1b/(£t2) (nr)
Reg = 1,500

Jp =185 (ref. 1)

he = 9.45 BT/ (Rr)(££2)(°F)
hp = 9.3 BIU/(hr)(££2)(°F)

Heat transfer: tube side, air
@, = 20,950 1b/(t2)(br)

Ret = 12)3m
jhy =46 (ref. )
ny = 26.5 BIU/(br)(£t2)(°F)

hgy = 333 BIV/(nr)(££2)(°F)
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hy = 24,6 830/(ur)(££2)(°F)
Heat transfer: Overall design coefficient, area and number of banks
(re-rb)(b /K1, )% = 0.22
N = 0,98 (ref. 3)
by, = 30 BTU/(hr)(£t2)(°F)

Upy = JEZE - 135 BT/ (e )(£22)(°F)

Overall design coefficient = 13.5 BTU/(hr)(rt2)(°F)

22600 2
Mr =335 x 2.8 = 6T.7 1t
= - 2
Ait/b‘m'ixz b.b £t2/bank
-6n 'S k
K, _{}.E 15.4 banks

Rumber of banks = 16

2. Pressure Drop on Duct Side (BG)
There are three elements in the overall prenuré
loss: e preasure loss due to enlargement, A 121
e pressure loss due to cooling tubing, AP,
e pressure loss due to "orifice”, APy
(8) Pressure loss due to enlargement
This enlargement is not very gradual in

order to save space, However, since it is not from a pipe with relatively
snall cross-section to a camparatively large duct cross-section, but

from the "orifice” (area 64 inch?) to HE 1 duct (288 inch2) it is estimated

that a loss equal to 8% of gage pressure takes place.
APy = 0,08 x 15.32 = 1.23 psi

M
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(b) Pressure loss due to banks of cooling tubing
Vm? - 0.077 ftB
Sp = 16,38 £t

1)
D“ = 0,021h rt
D' o.l‘ ‘
(#) = 0158
£ = 0,00314 (ref. 1)
Ip = MV, = 16 x 1/12 = 1,333 £t :
0.00314 x (2,000)2 x 1.333 x 0.58 x 1. :
APz = 55551 Es"Lx 0.'021':' T x 0".00(7722":;'::_1"- = 0,012 psi
(¢) Pressue loss due to “orifice”
This is the divider sepa.ra.ting HE 1 from EHE 2.
It 4s a 2-inch high barrier on all sides of the duct. As in the ®orifice”
between combustor and HE 1, this 1oas is found to be negligible.
~ (4) Total pressue loss in the duct '

APT-1-23+00012 m

¥oist BG reaches HE 2 at 1h psiz = 28,7 psia

Pgo = 28.7 psia

3. Pressure Drop on Tube Side (Air)

£ = 0,00027 (ref. k) |

' x 20' 02x2x1
A Poan = 522:1 x 0,0583 x 0,00101 x 1

= 0,078 psi/2 £t long bank

‘ Each return bend is equivalent to 10.2 £t straight pipe,
and 80 are assumed the headers,

Thus
APpyoray = 16 X 0,078 + 17 x 0,164 = k.03 pat
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Thus, the air from the enginas that reaches H® 1 at
40 psia, will leave it at 21.27 psig = 35.97 psia.

Pm = % psia
b, Weight
: Cooling tubing of 316-58 (13.2 1b/bank) 211 1b
Duct of Hastelloy C _61

Total 2712 ®
5. Check of HE 1 for Other Conditions

The heat transfer area is calculated for conditions

which differ from the design ones in order to determine if the adbove unit
is adequate., We look for a condition where 2 relatively large smount of

~ air comes in at a low temperature, This would be the case in an emergency
dive, with engines near idle, during the last portion of the landing approach,
when altitude is decreasing from 2,500 £t to sea level. If this approach
lasts for 1 minute, 30 cfin of ballast gas at 15.1 psia are required, Since
the engines are near idle, the tempersture of the air is 250°F.

. ————

Vy = 398 rt3/1v-mole

Vasy = 32.3 cm

Npyp = 0.0811 1b-moles/min
Wpsp = 2.3% 1b/min = 141 1b/hr

WHo0-vapar, 1004 conv. ™ 0.204 1b/min
Wreaction fuel = 0-175 1b/min
Wgg = 2.52 1b/min = 152 1b/hr
Vory 3G = 232 1b/min = 139 1b/br

The situation in HE 1 becomes:

ol e
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Alr Out
t =2

ha?

il

R.F. Out
t = 300°F
h = 147.5 BTU/1b

BG In
_ Wgg = 2.5 1b/min
t = 1337°F

Qg in ™ 1,125 BTU/min

R

Air In

Wy = 2,3 1b/min = 141 1b/min
t = 250°F | |

' b = 52 BTU/1b

Reaction Fuel In

‘ Wep = 0.175 1b/min

|t =150°F
b = 58.8 BTU/1b
BG Out
Vm BC = 2,315 -

Wi oy = 0-204 1b/min

t=?

Q=1

Qgg 4n = 2.315 x 335 + 0,204 x 1,711 = 1,125 BTU/nin

" We assume different temperatures for the air
leaving HE 1 and calculate the heat load on HE 1 and the temperature
of the exit BG. Then check for heat transfer surface requirements. . Thus:

%6 out 'QBGin',A%ml, f.nirout

and the temperature of BG leaving HE 1 1s calculated.

A A BT Wt s i 1 s
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hmir Content  Heat load cn HE 1  Heat in Exit BG, Temperature
 lea RE 1 bt air out % % t 3§ out of Rxit BG
wtmmt'l’ BIU/1b T g%/ﬂg' tmml *y

1,112 276 535 31,500 600 599

1’290 297.h 575 34,500 550 b7{

’19300 3245 639 38,300 L85 K>

" First we check HE 1 for air leaving at 1,112°F, as this will allow us to
use the viscosity, conductivity and specific heat data already generated

for the SST, Case I,
" Hot Fluid Cold Fluid Differsnce
1,337 Higher temperature 1,112 225
599 Lower temperature 250 " 349
738 Difference 862 124
IMTD = 283°F
R= o.& S s 0079 rT = 006 (Ref. 5)
A t =170°F
.Dact Side Tube Slde
Gy = b2z 1b/(£t2)(kr) Gy = 4,400 1b/(£t2)(nr)
Reg = 382 | Rey = 3,420
jf - 6.9" (rer. 1) " 14

by = 5.95 BTU/(hr)(£t2)(°F)

by = 2.9 BTU/(br)(£t2)(°F)

h; = 2.9 BT/ (br)(££2)(°F)

(remp)(np/ky )45 = 0.135
ol (ref.3)

h,, = 9.6 BOU/(nr)(£t2)(°r)
Upy = 3.7 BYU/(br)(£t2)(°F)

B, = 5.85 B0/(nr)(£t2)("F)
[x, = 10.9 BY0/(he)(£22)(°7/11)])
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Ayp = 50 2
&y = 12 banks

Since HE 1 has 16 banks, the existing surface will
allow the preheating of air to a higher temperature than the 1,112°F

checked here, and the design is adequate,
d. Heat Exchanger No. 2 (HE 2)

HE 2 makes use of fuel being pumped to the engines as
a coolant for removal of sensible heat from the BG leaving HE 1, and for
removal of the heat of condensation released by part of the water and fuel

present in the BG streanm,

Cross-section: 2 ft wide x 1 ft high

Tubing: OD, = 0.5"  wvall S 0,2"  ID, = 046"

Fins: by =0.125"  thy = 0,035" N, = 8 per inch
@y = 0.75"  re = 0.375" ry = 0.25"

Arrangement: square pitch, N, fo = 16 A

Sp = S, = Vg = 0.75"
1. Heat Transfer
Q = 260,000 BTU/hr
¥aa, Avg = T00 1bfur
Weuel, coolant = 5,710 1b/br
BG enters at 1,234°F and leaves at 85°F
Fuel coolant enmters at 60°F andvleaves at 150°F

Mean temperature

Hot Fluid _Cold Fluid Difference
1,234°F Higher temperature 150°F 1,084°F
85°F Lower temperature 60°F 5°F
1,149°F Differenc§ “ 90°F 1,059°F
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IMID = 281°F
R =128 8 = 0,08
Av ey
Caloric Temperatures
At /A ty = 0,023
K, = 0,075 for JP-hi (ref. 6)
Fo =024 (ref. 6)
Thuss

Ry = 0,978 (extrapolation, ref. 5)

Te = 85 +0.24 x 1,149 = 361°F
| to = 60 + 0.24 x 90 = 82°P
Data for BG at 361°F at 28.7 psia

The data are an average of moist BG containing fuel wapor
saturated BG.

Marg = 0057 1b/(rt)(nr)
Cp avg ™ 0-257 BIU/(1b)("F)
Xyyg = 0.0204 BYU/(nr)(££2)("F/1t)
@)” - oo
$ui
Vi = 306.8 £t3/Ib-mole
Yoy = 2.4 ££3/1
Vavg = 1214 cfa
Pavs” 0.096 1b/1t3 8 = 0,00154
Dats for liquid fuel (coolant) at 82°F
H =8 B/(et)(ur)
c, = 0.664 BIU/(1b){°F)
x = 0,0721 BIU/(br )(£t2)(°F/1t)
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P =1.07
S ERYBL /rt3
S = 0.7553

Heat transfer: duct side (BG)

Ap = 0.33 £t2/1t

Ao = 0,094 t2/r¢ |

P, = S.Lh /1%

deg = 0,049 ft

ag = 048 £t2

Gg = 1,460 lb/(ff‘.z)(hr)“
Reg = 1,260

Jp=16  (ret 1)
he = 6 BTU/(nr)(£t2)(°F)
by = 5.9 BIU/(hr)(£42)(°F)
Heat transfer: tube side, fuel coolant

d, = 0.0383 1t

&y = 0,001154 2

Ay = 16 ay = 0,0185 £t2/vank
© Gy = 309,000 1b/(£t2)(nr)

v -‘1.82 ft/sec

Rey = 2,960

Jpg = 10 (ref. 2)

hy = 67 BIU/(hr)(£t2)(°F)

hyy = 500 BTU/(br)(££2)(°F)

by = 59 BIU/(hr)(£?)(°F)
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Mn efficien overall dessign coefficient, area and

ky = 10.b BYU/(hr )(£t2)("F/2t)
ro/rp = 1.5
Yb - 0.0011t6 e

(re-rp) ‘ ,ktrb = 0.2

—‘1, = °o98 (nfc 3)
ay = 0.12 o/t
Ait/b-léa.ixa-3.85 ££2/pank

by, = 20.5 BI/(br)(£t2)(°F)

Upy = 15.2 BTU/(kr)(££2)(°F)

Overall design coefficlent = 15.2 BTU/(hr)(£t2)(°F)

Ayp = 62,2 112
N, = 16.2 banks

Number of banks = 17

2. Pressure Drop on Duct Side (BG)
The losses are cansed by: |
condensation (loss of volume)
cooling coils ’
flow through the "orifice™ |

(a) Pressure loss due to condensation of
fuel vapor and part of water wapor

P = 28,7 psia
total of gases entering = 0,4087 lb-moles/min
fuel vapor condensed = 0,00179 lb-moles/min
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i : : vater vapor condensed = 0,439 2 18 = 0.025’4 1b-zoles/min
’ total condensed = 0,0262 lb~-moles/min |

& Peondensation ©

R g e ST

0.0062 x 28.
R X - ..81& psi
R | (b) Pressure loss due to friction with cooling coils
. : ‘ . | VW = 0,066 ft3
8p = 13.49 £t2

'
Doy * 0,019 ft

D' O.b
(-e.!. - 0,63

O

£ = 0,0034 (rer.l)
L, = 1.063 £t

Apa 0,003 pat

; (c) The pressure loss due to the orifice is not
3 - - calculated bhecause calculations given above show that it is negligible,

(&) Total preasure loss for BG
. | A Py = 1.84 + 0,003

. o : APy ;= 1.85 pst

Consequently, BG reaches the drier with

12.2 psig = 26.9 psia
3. Pressure Drop on Tube Side (Coolant)
£ = 0,00039 (ref. k)

A Banx ™ 0.046 psif2 £t bank

T

a return bend is equivalent to 2.8 ft of tubing
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APy = 2.8 x 0.5 x 0,045 = 00546 pst
A’t’ total - 17 x O.M + 18 X 0.%‘06

Aptnbin‘ - 1095 p.i

b, Welght

Cooling tubing (11.22 1b/vank), 316-88 191 b
Duct, Hastelloy C 6
Total 252 v

S. Check of HE 2 for Other Conditions

Other conditions under which the denign of HE 2
should be checked 1nc1ude she following:

- (a) the same conditions as those checked in
HE 1 in order to vutrblinh whether the coolant fuel flow near ldle conditie
is sufficient, or if recir~tliation of the fuel between the tank and HE 2
might be necessary. 11 additisn, the heat transfer surface should be teste

(d) The {nitial climb situation, during which
the coolant fuel temperature 1s 95°F.
These checks were notmade as a part of the present study.

- e, Drier : . , .

The cross-section, dictated by the L/D criteria for H-Zeolcn,
islx1lfrt. :

Q = 25,000 BTU/bx
“m Avg = 11.166 1/ndn = 670 1b/hr
%300, coolant 8.3 1b/min = 500 1b/hr

- BG enters at 85°F, leaves at 100°F
Water enters at LO°F, leaves at 90‘!‘
Therefore: Parallel flow,
Almimm tubing: ODy = 0,375 inch  wall = 0,016" ID = 0.343
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Fins: bg = 3/16 inch  th, = 0,035" Ky = 8 fins/inch
ODp = 0,75 inch 14 = 0,375" r, = 0.1875 inch
Arrangement: square pitch, N p" 16 tubes;bank

Sp = Sp = Yg = 0.75 inch

1. Heat Transfer

Hot Flutd | Cold Fluid Difference
100°F ' Higher temperature 90°F 10°F -
&°r Lower tempersture Lo°'r Us°F
15°F Diffarence 50°r 35°F

IMTD = 2303

R = 0.3 8 =0.8 Fp = 0.96 (assuming cross-flow correctic
can be applied) '

At = 22.3°F
T, = 93°F for BG
t. = 65°F for cooling water
(a) Data
For BG at 93°F and 25 psia
- A= 0,0185 cps = 0,045 1b/(ft)(kr)

Cp = 0.24 BTU/(10)(°F)
k = 0,0155 BIU/(hr)(£t2)(°F/1t)

() .o

g1

Vg = 242 £t3/1bamole

VBG) in = 2!‘2 X 0.3&5 = 92.6 cfm
VBG, out * 242 x 0,3663 = 88.6 cn

362
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VBG, avg - ”06 cfn
= 3 -
P‘VE 0.123 1b/ft s“g 0.001975
For cooling water at 65°F

}l = 1,08 cpe = 2,614 1b/(ft)(hr)

Mya11 = 0.9 cps

$=( fé:ﬁ)o.m - 1,02

e = 62.3 1o/1t3 w/1t3 se1

(b) Heat Exchange
Heat transfer: duct side, BG

Ap = 0.451 ££2/1¢
Ao = 0.0707 £t2/1¢
Pp = T.Ul ft/1
dgg = 0.0446 ft
a, = 0,36 2
Gg = 1,860 1b/(£t2)(nr)
Reg = 1,860
Jp = 21.5 (Ref. 1)
~h, = 6.6 BTU/(ar )(£t2)(°F)
h; = 6.5 BIU/(hr)(£t2)(°F)

Heat transfer: tube side, .coling water

d = 0,028 1t
. ay = 0,0006k2 £t2
Acpo ™ 16 s, = 0,003 ££2/bank
Gy = 48,700 1b/(£t2)(hr)
Re; = 533
¢ = 0,217 ft/sec
hyy = 80 BIU/(hr)(£t2)(°F) (Ref.7)
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ro.ctor 1,1 ‘
hy = factor x hy; = 88 Bm/(hr)(rt?)(’t)
hy = 7.8 BTU/(ar (1) (°F)
Hént tro.nsfer° fin efficiency, degign coefficient, area and rumber of bamzs

for aluminun K = 116.7 BTU/(hr ) (££2)(°F/1t)

‘ re/rb -2

(remmp) (np/iy%y)%3 =0
N=1 (ref.3)
4 = 0.0898 12/t
Ai/b =16 a, x 1 = LUk £t°/pank
- g BTU/(br)(£t2)(°F)
"m by, xhy/(h] +h) = 25.2 m/(hr)(rta)(‘r)

Overall design coefficient = 25.2 BTIU/(hr)(rt2)( F)

000
A 532.!25“"':: 353 = 5 2

Ny = bh.5/1.Lk =31

. | ’ ‘Mmber of banks = 31

2. Amounts of Drying Aments

The two agents sslected are CaCly for high capacity
and H—Zeolon for high efficlency. The method of calculation is the same
as for the SST. : :

* em ¢

(a) Calcium Chloride Section
Conditions: 1O00°F exit temperature, # 14,7 psia
Efficiency at 1900 hr=l §V = equilibrium ¢ 0,95 = 1 m Hyg

s , ~ «". efficlency = 1 m' 17a‘gmm | 106 1320 .
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Gas Flow

BG flow in drier bed at design conditions
ViBG, Ave ™ 20:6 £t3/min

Bed Volume and Weight
for 1900 hr-l sv:

VolmneofCaClz-ZJ.Gft3'60min' hr
min | br | 1900

= 2.8 3

Weight of CaCla
2.8 £t3 x 51 w/rt3

W o= 161

Concentration of Water Entering CaCl.

Rz 79 1lb-moles
; CO> 10.5 lb-moles

02 5025 1b-moles
10,5 1b-moles | 0.291 1b/atn
Hz0 = I 0.291 + 0.539 condensed
(al2owing far removal of H20 in HE 2)
Hzo conc, = l‘:17 x 100 = hoaﬁ
= 42,500 pym

Conce:ttration of Water leaving CaCls = 1320 pmm

Water Removed by Cs_:gg
42 - 1,320 00 =
—A‘p——ﬁ—e,sm xl ﬂ.§ removal

Useful Life of CaCly (no regeneration)

water produced in average flight = 4,23 v
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remcved in drier:

0.115 1b ] 11.02 .

removed in CaClo:
0.972 x 1.27 = 1.232 1b
CaCly capacity (at 80% of 1it. value)

16 1b . 0 1b H-0 x 35
100 100 1b agent

Fo. of flights = 35 ¢ 1.232 = 28,4 o
: 28.8 ] 155 min | hour ,
No.ofhaurgx_____*__f.gisht BT - 73 br

Useful life = 73 hr

b

(b) Zeolite Section
Bases: 10 pmm efficiency at following conditions
100°F and &~/ 1 atm,
L/D >1
linear velocity {100 ft/min
Forton's B=Zeolon, 1/16"™ dia
capacity = 0,030 1b/lb agent

Veloc:lty. in duet
square duct, 1 ft x 1 It
90.6 £t3/min $ 1 = 90.6 ft/min
Weight of Agent (use 80% of stated capacity)

yeldH0 | fuient |  hours

flignt | bours | contimcus run | capacity x 0.5

1.267-1.232 | 60 0
W= |55 | 003 | o

W=28.21b agent
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Volume of Agent

bulk density = 38.5 1b/ft3
volume = 28,2 2 38.5 = 0.733 ft3
V. = 0.733 rt3
Length of Bed and L/D

L =0.733 21 1t2 = 0.733 £t
equivalent circle diameter
D= (b2®)05 1130t
L/D = 0.733 2 1.13 = 0.65
Adjust to L/DD> 1 (say L/D = 1.1)

length = 1,13 x 1.1 = 1,25 1t
Volume = 0.733 x F*5ex = 1.25 ft3
Weight = 1,25 x 38,5 = 48,1 1»
W= U811
Hours of Useful Life (no regsneration)
50 x 48.1 2 28.2 = 85 nours
(c) Summary of Drying Agents

LT VG

Agent CaCly ~ Zeolite Coabined
volume, ft3 2.86 1.25 b.11
weight, 1b 146 o 48,1 194
length, ft 2.86 1.25 b.11
hours (no regen.) 73 & 73

Thus, the space velocity criterion for CaCly dictates a
volune of agent sufficient to provide 73 hours of protection between
regenerations, and the L/D criterion for zeolite dictates a somevhat
longer period of protection.

TP
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3. Volurme and length of the Drier
(&) Volume occupied by one bank of tubing
Volg/p = 39 inch3/bank = 0,0226 £13/bank
Total volume occupied by 31 banks = 0,71 ft3
Since 97% of water is removed by CaClp, the same
percentage of heat has to be removed in the CaCly, section of the drier.
Therefore, 29 btanks of cooling tubing are located in that section., The
remaining 2 banks are in the zeolite section.
(b)  caclz Section
29 banks of tubes occupy 0.66 ft3
Section volume = 2,86 + 0,66 = 3.52 ft3
Length of section = 3,52 £t

Distance between banks =2 0,12 ft § to § C = 1.5 tnch § to §

(c) zeclite Section
2 banks of tubing occﬁpy 0.05 1t3
Section volume = 1,25 + 0,05 = 1.3 £t3
Section length = 1.3 ft -
Distance between banks = 0.65 £t t to {

(d) Total length of Drier -

3.52 + 1.3 = 4,82 £t i3 the length of drier occupied by the
desiccants and tubing. Part of the upatream converging cone may be occupled
by the CaCly and the dust filters may de located in downstream cone, Thus,
the total length of drier will e approximately 5.5 ft.

L. Pressure Lossen '
(a) Pressure loss inside tubing
£ = 0,0009
APt = 0,0015 psi/per 1 ft bank ‘
A return bend is equivalent to 2 ft tubing
APRy.png = 0,003 psi/bend
APt, total ™ 31 x 06,0015 + 32 x 0,003 = 0,15 psi

lm,."ter = 0.15 psi
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(b) Pressure loss in the duct side
It comprinaa the fdlléwinglldicet°
e Preasure loss due to grt&unl contraction (upstreln)
; Pressure loss due to friction in pucked bed
e Pressure loss due to friction with cgoling tuding
e Pressure loss equivalent to volume ofb;tter removed

e Pressure loss due to gradual contraction (downstream)

Contraction loss, upstreanm:
APy = 0,02 x 12.2 = 0.25 psi

Packed bed friction loss:

1/16" particles fall within the 8 to 1& mesh size

00
s gB x P 2o

(£/Fg) = 0.0435 (ref. 8)

0.0435 x 6702 x 4.8 |
Ap, = 5,880 x 0.123 x 1LL = 1.09 psi

Cooling coils friction loss:
3

Vyp = 0.04 ft
Sp = 8.35 £t
b,, = 0.0192 ft

0.
Dev
(’) - 0.623

s, 0.6
Srr) =1

f = 0,003% (ref. 1)
x,-?.-lixnnl.sab 1t
12

4 Py = 0.00 psi
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Lou‘equivalent to volume of water removed:

- Assuming all water is removed half way throug,h the bed,
the total gas pressure at this point is

total gases entering drier = 0.3825 lb-moles/min
water removed = 0,01618 lb-moles/min

A p, a 001618 1 = 1.
R, o5 x 2.1 = 1.10 psi

Contraction loss, downstream: _
P=122- (AP + AP, +AP; + ARy) = 9.75 paig
APg = 0,02 x 9.75 = 0.2 psi
‘Total pressure loss in the duct:

- The pressurs losses due to the 3 screens and due to the dust filter
are 50 small that they are neglected. Thus

APp = FAP; = 0.25 + 1.09 + 0,01 + 1,10 + 0,2 = 2.65 psi

Pressure 1oss in drier = 2.65 psi

Consequently, the BG leaves the drier at 9.55 psig = 2i.25 psia.

The above pressure of 2,25 psia is almost double the pressure
assumed for the fuel tank, which iz 12.62 psia. However, we assumed in
our calculations that all the components are in the same duct with very
little loss due to enlargements and contractions, while in the actual
design they might be separated by pipes and be subject to such loszses,
Also, as mentjioned under Cass Analysis I, pressure losses caused by
control valves, instruments, and other items are not included. There is
alwvays the possibility that, when the design 1is optimized, a different
pipe size will be used for the coils in HE 1, and the inlet pressure
regulator may be set at a lower pressure than the L0 psia assumed. Therefore,
same of the excess of pressure is regard-l as a degree of frredom to be
used as a parameter in system design.

5. Weight
(8) Drier
The drier is made of slumimm, except for the
screens, szct walls are assumed to be 1/8 inch thick and the volume of the
material is 3395 inch3, thus the weight of the walls is

3% x 0.099 = 39.2 1b
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To swmarize:

Weight of cuter walls 39,21
Weight of cooling tubing (2.15 1b/bank) 66.7
Weight of screens (3) 5.1
Weight of desiccants 9

Total 305 1b

(b) Dust Filter

This is a glass fiber mat filter locstec in the down-
stream end of the drier. It removes dust from the BG. Its weight is
negligidble,

(¢) wWater Tank

The amount of water per flight is calculated t2 be 5¢ lbs
" or less than 1 ft3. A small heater, to prevent the freezing of water is
included, as well as a variable sgpeed pump to deliver the water to the drier
and to the combustor.

Weight of tank 6 1b
Weight of heater 1l
Weight of water 52
Weight of pump 11

Total 70 1b
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APPENDIX I

CALCULATIONS FOR C-1k1l AIRCRAFT

I. Calculation of Average Temperature of Bleed Air

The average temperature of the bleed air for the enti-e flight is
calculated as follows:

The bleed air ,emperatures for the various 0perations at different
altitudes (Table XVII) are multiplied by the duration of the operation,
The sum is then divided by the duration of the entire flight yielding the
average temperature of engiie bleed air.

3 x 750 = 2,250

20 x 660 = - 13,7200
7T x530 = 3,710
363 x 500 = 181,500
L x 270 = 1,080
b x 230 = 920
2 x 280 = 560
203,220

2036520 - 504.3%F

Average Temperature = 500°F-]

II. Calculation of Bleed Air Pressure During Design Portion of Descent

The data for engine bleed air pressure during the descent (Table XVII)
are plotted vs altitude in Figure I-1, Then a graphical integration;
between 4,000 and 10,000 ft altitude is performed, and the design pressure
of bleed air is obtained.

Altitude, ft Pressure, psia

9,500 32,5

8) Sw 33 .h5

7,500 RN

6:500 ‘ 35-h

5} Sw .

hl Sm } 3702“
209,55

o= = 34,93 psia

&

=l

Design pressure of air = 34.9 psia

™
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AMBIENT STATIC PRESSURE, psia

ENGINE BLEED AIR, psio

20,000
ALTITUDE, Fr.

VARIATION OF AMBIENT STATIC AND ENGINE BLEED AIR
PRESSURES WITH ALTITUDE

FIGURE -1,

40,000




III, Calculation of Heat and Mass Balance for Design Conditions

a. Genaral
The bases, dsta, and assumptions are indicated in Section V-8-h.
The method of calculation 1s detailed in Appendix E, Following are listed
the results of these calculations, :
b. Results

1. Quantities of Reactants and Products

Molar volume of gases in FT (at L5°F and ‘ 454 £t3/1b-mole
11.93 psia) -
Air Requirement (volume) 552 cfm
: moles) 1.216 lb-moles/min. -
weight) 35.13 1b/min = 2,108 1b/nr

Water formed (WF)
Water condensed in HE 2
water removed in gas drier (WRGD)
Reaction fuel required
Unreacted fuel (UF)
Unreacted fuel condensed in HE 2
Uncondensable unreacted fuel (UUF)
Air-fuel mixture = Moist BG (MBG)
Dry BG (DBG = MBG - WF-UF)
Ballast gas (BG = DBG + UUF) to FT
Saturated BG (SBG = BG + WRGD)
‘Cooling water required
Fuel as coolant required

2. Molar Quantities

(a) Air-Fuel Mixture

Air = 1,216 lb~moles/min

Oxygen a 0,255 "
Nitrogen = 0,960 "

376

2.3 Ib/min = 138 1b/nr.

1.38 1b/min = 83 1b/hr
0.92 1b/min = 55 1b/hr

' 2,62 1b/min = 157 Ib/hr

0.83 1b/min = 50 1b/;ir
0.79 1b/min = 47.5 Ib/nr-
0.04 1b/min = 2,5 1b/nr
37.75 lb/min = 2;265 1b/hr
34.62 1b/min = 2,077 1b]nr
34.66 1b/min = 2,080 1b/hr
35,58 1b/uin = 2,135 1b/hr
24.5 1b/min = 1,470 1b/hr

~ 60 1b/min = 3,600 1b/hr .




Fuel = 0,0187 lb-moles/min

Air-Fuel Mixture = 1,234 lb-moles/min

(b) Moist Ballast Gas

Nitrogen = 0,960 lb-moles/min
Carbon dioxide = 0,128 "
Oxygen = 0,064 "

Dry ballast gas = 1,152 "

Water = 0.128 "
Unreacted fuel = 0.,00595 "

Moist ballast gas = 1.285 "

(c) Ballast Gas

Dry ballast gas = 1,152 lb-moles/minl
Uncondensable

‘unreacted fuel = 0,00030 "
Ballast gas = 1,152 "

(d) Saturated Ballast Gas
Moist ballest gas = 1,285 lb-moles/min
Condensed water = 0,0768 "

Condensed unreacted
fuel = 0.00565 "

Saturated ballast.
gas = 1.203 "
Water removed in drier = 0,0509 lb-moles/min
3. Heat Loads
(a) Air-fuel mixture
Heat content 10,080 BTU/min

Temperature 971°F = 522°C



(b)

()

(d)

(e)

Combustor (water cooled)
Heat of reaction

Heat removed by coolant
Heat content in MBG

HE 1 (Air Cooled)

Heat transferred to air

Actual heat transferred
to fuel

Heat content in MBG

Temperature of MBG
leaving HE 1

+

33,100 BTU/min
26,800 BTU/min = 1,608,000 BTU/hr
16,300 BTU/min

7,860 BTU/min = 472,000 BTU/hr

44 BTU/min

8,440 BTU/min

611°F

Design heat transferred to fuel 160 BTU/min = 9,600 BTU/hr

HE 2 (Fuel Cooled)

Heat removed by coolant

Heat content of SBG

Temperatﬁre of SBG
leaving HE 2

Temperature of coolant
(fuel) leaving HE 2

Gas Drier (Water Cooled)
Net heat of absorption
Heat removed by coolant

Heat content of BG
leaving drier

Temperature of BG
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€,900 BTU/min = 414,000 BTU/hr
1,446 BTU/min

35°F

275°F

k12 BTU/min

1,293 BTU/min = 77,600 BTU/hr

565 BTU/min
100°F




IV, Design Calculations, Equipment for C-1hkl

| a, Air and Fuel Feed

1.

2.

Main Air Pipe (from HE 1 to VC Outlet)

Waqr = 35.13 1b/win = 2,108 1b/hr

t = 1,112°F

P = 31,0 psia

Vair = 661 ctn

Pipe: 316-SS, OD = 3.5 in ID = 3.37 in

Gy = 34,000 1b/(ft2)(hr)  Rey = 101,000

£ = 0.000175(1) AP =1.62 psi/100 ft pipe
length = 7 £t equivelent length = L9 ft

AP =1.62 x 49/100 = 0.8 psi

vPair reaching anmulus of outlet pipe connecting

vaporization chamber and combustor = 30.2 psia
and Pgy,. reaching VC inlet pipe = 30.6 psia.

W
pipe
Vaporization Chamber Inlet Pipe

= 7 x (2.43 1o/ft) = 17 b

Alr for atomization = 3 scfm == 14.5 1b/hr
Pipe: 316-SS, OD =1 in ID = 0,95 in
Gy = 2,950 1b/(ft2)(br) Re, = 2,470

£ =0,000(1) Ap=o01 psi/100 ft pipe
length = 8 ft equivalent length = 14 ft
AP =0.1x 14/100 = 0,01 psi

Pair reaching nozzle = 30.5 psia
Woipe = 8 x (0.27 1b/ft) = 2.1 1b

e s St D,
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3. Reaction Fuel Pipe
Wp = 2,62 1b/min = 157 lo/hr
t = 300°F
Vp = 0.475 gpm = 28.5 gph |
Pipe: 316-SS, OD = 0.5 in D = 0,49 in
Gy = 120,000 1b/(ft2)(hr)  Rey = 5,450
£ =0,00033(1) AP = 0.34 psi/100 ft pipe
length = 12 ft  equivalent length = 15 ft
Ap=0.05psi Wy, =12 x (0,027 b/ft) = 0.3 1o
b4, Vaporization Chamber (VC) .
(a) Nozzle ‘ | .
Fuel delivery = Q.475 gpm = 28.5 gph

Nozzle set-up No. L2 (Spraying Systems Co.,
Bellwood, Illinois) is selected ,

Weight nozzle = 0.5 1b
* Spray angle = 20°
Minimum cone length = 39 inch
(v ve Dimensions’ and ‘weight

- Referring to diagram in Appendix H, we find by
trigonometirical relationship:

Y = 41,8 in R = 7.38 in
Z = 27.5 in X =25 1in

L. = 64 in = 5,33 ft
o, = 4,75 in

For Hastelloy C: wall thickness = 0.1 inch

ODye = 14.95 in  Wye = 16 1b




(c) Pressure Drop in VC
The total pressure drop in the nozzle and vaporizatinon
chamber is estimated at 20% of the gage pressure of the air reaching the
nozzle. Thus
AP =0.2x15.8 = 3,16 psisv3.2 psi
and the fuel-rich mixture leaves VC at 27.3 psia,
5. Heat for Vaporizatiion Chamber
Durirg startup, air is available ot 250°F and fu=l at QU°F. The
amount of heat to supply via electric heaters to insure total vaporization
of the fuel is
Q = 14,7 (2u6.7-52.2) + 5.7 (688.2-12.8) = 6,670 BTU/hr
The required heater capacity is 2 KJ, however, occasionzlly a larger
iileater may be necessary. Hence, a 4 KW heater is assumed, and its weight
is estimated at 7 lb.
6. VC Outlet Pipe
This double pipe is designed in such a way that both fluids (fuel-
rich mixture from VC in the inner pipe and the bulk of air in the annulus)
arrive at the cambustor with the same pressure. The pipe for Case III is
the same as that used in Case I, and details are given in Figure F=-2 in
Appendix F.
(a) Inner Pipe for Fuel-Rich Mixture
WF_A mix = 172 1b/h1‘
tnix = 1,012°F
Ve A mix = 15,7 efm
Cp. mix = 217200 1/(ft2)(hr) Re = 3‘3,800
£ = 0,0002(1)  Ap = 0.62 psi/00 1t
Since 1/3 ft will be used

AP = 0.62 x 0.33/100 = 0.002 psi (negligidle)
and the fuelarich mixture will reach the combuitor at

27.3 psia.
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(v) Anmular sSpace for Air
Wayp ® 2,093 W/hr
t = 1,012°F Vagr = 664 cfm
Ga = 177,000 1bv/(ft2)(hr) Re, = 30,L0U
£ = 0,00022(2) AP = 8.81 psi/ft
'I'he air reaches the anmulus at 30.2 psia and the fuel-
rich mixture reaches the combustor at 27.3 psia. Equalization of the

pressure requises that the air stream lose 2.9 psi on passage through the
anmulus. Consequently, the lengti: of the pipe is

2.9 7 8.8 = 0.33 ft
(c) Weight of the VC Outlet Pipe

The weight of the double pipe (including fins and
heating elements) is 4,65 1b/ft. Thus

Whipe = 0.33 x 4,65 = 1.6 1b

41 el S e

-T. Total Welght of Alr and Fuel Feed

Air pipe (xhain) 17 1
Air pipe (VC inlet) ‘ 2.1
Fuel pipe ' | 0.3
Sﬁra.y hozzie . 0.5
S Vaporization chamber
. o : ~ (Hastelloy C) L&
_ Heater 7
- , : ' mtle.t piping 1.6
E , | Added for fittings 0.5
| Total b

b. Cmbusior
The segmented reactor is chosen for Case IXI,
1., Catalyst and Combustor CrosseSection '

 As previously calculated, the amount of catalyst for 75%
conversion at the design conditions is 8.5 1b or 0.21 ft3,
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Considerations regarding catalyst and cooling t:bing yleld
a rectangular duct 12,5 inch (1.042 ft) high and 20 inch (2.5 fi) wide,
with three catalyst layers of 1/4, 3/8, and 1/2 in. thickness, The volume
of catalyst 4s distriduted as follows:

layer Thickness, In. Volume of Catalyrt, 243
1 0.25 0.0542
2 0.375 0,081k
3 0.5 0.1085
Total 1,125 inch 0.2u41 rt3

Thus, the weight o the catalyst used is
0.2441 x 40.6 = 9.9 1b
This is about 17% in excess of the calculated amdunt. This ex-ess 1z
regarded as assurance that the desired conversjon will be achieved when
a charge of catalyst nears the end of its service life.
Six screens are required to keep the catalyst ir place,

Assuming a 0,041 inch wire diameter, the unit weight is 1.7 1b/f¢2 and
the screens weigh

6 x (1.0 x 2.5) x 1.7 = 27.2 Ib
- 2. Heating Elements
They are shielded electric resistance wires, 3/16 inch
diameter, and are spaced 3/8 inch ¢ to t. Thus, there are 33 elements,
and they weigh about 0.1 1b/ft. Consequently,
33x25x0.1 = 8.3
3. Data for Transfer of Combust.ion Heat
(a) Loads

The same reasoning as in Appendix H is used here, Also,
only those data that differ fram the ones used there are listed in what

"follows.

WA-F mix = Wypg = 2265 1b/hr

120 coo1 = 1,470 1b/nr

Quotay ™ 1/608,000 BTU/hr
Q.0 Preheat = 182,000 BTU/hr
Q20 Vaporiz, = 1,426,000 BTU/nr
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(b) Properties

H20
Preheating
- Section

Termerature gases in, °F 1,337
Temperiiure gases out, °F 1,337
Temperature coolant in, °F 88
Temperature coolunt ocut, °F 212 (1iquid)
D, °F 1,190

R 0

s : 0.1
Fp (aasumec}) _ 1
A+t mean, °F 1,190
Caloric temperature of gases, T, °F 1,337
Caloric temperature of coolaat, .

te °F . 150
Gas MBG
' Temperature, °F 1,337
Average pressure, psia , 6.2
J4 = viscosity, /(e )(br) ‘ 0,094
Cp = specific heat, BTU/(1b)(°F) 0.282
k = conductivity, BIU/(hr)(t2)(*F/et)  0.0412
(cp M/x)*/3 | 0.862
g 1
3 menote S e

V. . = specific volume of fuel vapor,

3% | 5.8

Hz0
Vaporization
Section
1,337
1,337
212 (1iquid)
212 (stean)

1,125
1,337

212

0.2 (A-F Mix) +
0.8 MBG

1,337
26.2

0.095
0.288

0.041
0.674
1

686
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H20 Hz0
Preheating Vaporization
Bection Section
1{_‘ V, efm 882 815
f = density, 1b/rt3 0,0428 0.04315
ge;pz:cgifmg:ﬁty vk 0.000686 0.,0006915
Data on coolant in Appendix H - -—
(c) Tubing (316-55)
Tubing: ODy = 1 4n wall = 0,025 in I, = 0.95 in
ky = 13.92 BTU/(br)(£t2)(°F/1t)
Fins: b, = 0,125 in thy = 0,035 in Np = 8 fins/inch tubing
re = 0.625 1in r, =0.5 in ODg = 1,25 1n
Bank arrangement: square pitch
Ny py = 10 tubes/bank
Sp = Sp =V, =1.25 in
Duct Side Tube Side
| Ap = 0.589 £t2/1¢ a; = 0,0049 rt2
A, = 0,188 £t2/rt Atfo = 0,049 £t2/bank
Py = 5.4 £t/
des = 0,091 ft dgs = 0,0792 £t
a, = 0,375 ft2
Gy = 6,040 1b/(1t2)(nr) Gt = 30,000 1b/(£t2)(hr)
By = 602 BTU/(nr)(£:2)(°F) hyy = 500 BTU/(nr)(£t2)( °F)

Fin Efficiency and Inside Tube Area

re/rb = 1,25 %= 0,00145 £t
v(re'!‘o)(k-éﬁfrg)od = 0,0104 (m%g)o.ﬁ
a; = 0,249 £t2/r¢

Ay, = 6.22 ££2 foank
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" Pressure drop, duct side

Vi = 0,113 43

Sp o= 19.4k £t2

Dey = 0.0233 ft
o ‘N O | 0.6
(D-E-"-) = 0.552 (fh) sl

L4, Heat Exchange Surfice

Heat Transfer « Duct Side

Reg
g
hg, BTU/(hr)(£t2)(°F)
hg, BTU/(hr)(£t2)(°F)

Heat Transfer - Tube Side

. Reg

Ins
h,, BTU/(br)(£t2)(°F)

h;, BTU(hr)(£t2)(°F)

Heat Transfer « Qversll U and Area

(re-ry) ()05
e N

”;1' BTU/(hr )(£t2)(°F)
Ups» BIU/(nr)(££2)(°F)

Ayps 112

et e o omr et e < ook s~ 1 A i Sl e e e e =

T i 1 K i i e S 4

H20 Hz0 o
Preheating . Vaporization }
Section Section ;
5,850 5,790
19(3) 48.5(3)
19.3 19.1
18.7 18.5
2,230 7,200
glb) 28(l) E
7.5 102
62.5 8,7 s
0.316 0.:1L
0.96(5) 0.95(5)
56.7 56.1
29.7 33.8
5.1 - 37.5 ;




AT, total = U2.6 12

Rb = 7 banks of cooling tubes

Rumber ¢i cooling tubing banks = 7

5. Presgure Drop
(a) Tube Side
G, = 30,000 1b/(ft2)(hr) Rey = 7,200
£ = 0,00031(1)

AP, * 0.106 psifvank 2.5 £t long

A return bend is equivalent to 6 ft of tube

'« APpend = 6 x 0.106/2.5 = 0,254 psi/-eturn b>nd
consequently

Ap, .0 =7 x 0,106 + 8 x 0.254 = 2,77 pst

Pressure 1oss in cooling coils = 2,8 psi

(v) Duct side
The pressure drop in the BG as it flows through the cambustor
is the sum of five individual losses, which are listed below (for details
see Appendix H):

e Pressure loss due to gradual expansion:

Gases reach combustor with 27.3 ﬁsia = 12,6 psig
Py = 0,08 x 12.6 = 1.01 psi
! Air-fuel mixture reaches heating elements with 26,3 psia
§ Pressure loss through layers of catalyst:
Vo = 5.6 ft/sec
}( = 0,0000264 1b/(ft)(sec)
Re = 57.2 .*. turbulent flow
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B Bed thickness = ¥ layer thicknuss = 0,094 ft
APz = 0.18 psi |
. Pressﬁre loss through screens:
P = 0.000691 g/cc M = 0,0393 cps
"Re=107 © ¢ a115(9)
Apy = 0.00082 psi/screen y
A'Pa =6 x 0,082 - 9,005 Esi (recligivle)
'®  Pressure 'losé due to cooling coils:
1 = (7 +2) 1.25/12 = 0.9375 £t
Re = 1,480
£ = 0,00313(3)
APy = 0,07 pst
o P;.-e'ssu.re loss .1n "orifice":
0" = 38,9 ft/sec
Py = 23.5 £t (column of BG)
<= 0,007 psi
Ay = 12.5 x 30 = 375 inch?
Ap = 8.5 x 26 = 221 inch? (2 inch high barrier)
Ay/Ay = 0.59

)

Ar; = 0,002 psi (negligible)

o.27 -

e  Total pressure loss in combustor duct
A Pp = 1.01 +0,18 + 0,005 + 0,07+ 0,002 = 1,267 psi
A Pp = 1.3 psi '

Thus the pressure of moist BG leaving the combustor is 27,3-1,3 =
26.0 psia. '

.PMpg leaving cambustor = 26,0 psia

88
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6. Fuel Preheating Pipe

B R R e i T e L B

This pipe 1s located at the downstream end of the combustor.
4 Wp = 157 lb/hr Q = 9,700 BTU/hr
truel in = 200°F touel out = 300°F
; Hot Fluid, °F | |  cold Fluid] Dpifference, °F
) 1,337 Higher temperature 300 1,037
1 49337 Lower temperature 200 1,127
i 0 Difference 100 100

IMID = 1,088°F (no correction is applied)
To = 1,337°F t, = 250°F
Data: for BG at 1,337 are given above

Data for fuel at 250°F

MF* 1.21 1b/(ft)(hr)

Cp,F = 0.595 BTU/(1b)(°F)

kp = 00751 BTU/(hr)(£t2)(°F/5t)
(c, /(/k)l/3 = 2,125

pr® 5.7 1b/gal = 42.6 1 /rt3

Sp = 0.683
g = 1.07
Tubing
op = 0.5 in vall = 0,020 in 1D, = 0.46 in
Fins: b = 0.125 in  thg = 0,035 in Ny = 8 fins/inch
} : rp = 0.25 in re =0.375 in  ODg = 0,75 in

It is assumed the tube makes 5 passes across the cambustor duct,

2 ot v hat e e
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Heat Exchanger Surface

Duct Side Tube Side
Ar = 0.327 £t2/1t ay = 0,00115 £t2

Ay = 0,094 £t2/r¢
P, = 5.4 £t/rt

 degg = 0,093 Tt dgy = ©,0383 ft

ag = 2.366 f+2

G = 960 1b/(£t2)(nr) | G, = 136,000 1o/(£t%)(nr)

Reg = 500 ket = 4,320

3¢ = 8.4(3) 3, = 154 |

he = 6.1 BTU/(hr)(£t2)(°F) hy = 66,9 BTU/(hr)(£t2)(°F)

h;. = 6,0 BTU/(hr)(£t2)(°F) hi = 52.7 BTU/(hr )(£t2)(°F)
re/ry = 1.5

h's o.5
(re-rv) (igyy? = = 0279
Lo = 0.98(5)

a; = 0.12 ft2/rt

heq = 20.8 BTU/(nr)(££2)(°F)

Upy = 1.9 BTU/(hr)(£t2)(°F)

Pyp = 0.6 12 |

Lot

This will give five 1 ft long passes.

Weight of tubing = 0.34 x5 = 1,7 1b

3%
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All equipment items are made of 316-SS, except when specified

" otherwise, .

Catalyst 9.9 1b

Screens (6) 27.2

Heating elements 6.3

. Fuel prcheating tubing ' 1.7

Cooling tubing (7 x 18.3 1b/vank) 128.2

Duct; wuilie. tHastelloy C) 127.7
Total ;;;j; 1v

c¢. Heat Exchanger No. 1 (HE 1)

. HE 1 is located immediately after the combustor, from which it
is separated by the "orifice". Provisions are made for flaps for isolation
of the combustor from the rest of the subsvstem during start-up.

1. Data for Heat Transfer
(a) loads and Temperatures
| Q = 472,000 BTU/hr
Waip = 2,108 1b/hr
Wypg = 2,265 1b/er
Alr énters at 250°F and leaves at 1,112°F

S

o “Agv';

"y

Moist BG enters at 1,337°F and leaves at 611°F.

BT

-

L

Hot‘Fluid' Cold Fluid Differernce

11,337°F _ Higher temperature 1,112 225
611 Lower temperature >0 361
726 Difference 862 136

Mean temperature difference

IMID = 288°F
R = 0,8 5§ =08

Braasr

Fp = 0.68(5)

%N
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Caloric temperature

Arithmetic averéges are sufficient, thus:
for BG: T, = 974
for air: t, = 681

(b) Properties at Above Temperatures

Alr  Moist BG

|
|
|
|
|
|
|
|
% Temperature, °F ' 681 97h
| Average pressure, psia 32.8: 25.0
| JL s /(£t)(nr) o 0.075 0.0832
Cps Bm/(lb)(‘if) - 0.254 0.291
1 i - ‘ ~ k, BTU/(hr)(£t2)(°F/1t) | 0.0282 0.0345
(CpM/x)1/3 | 0.878 0.889
@ ‘ ‘ | 1 1 |
V., £t3/lb-mole 373 615
Vpoy, £t3/1o. | --- 4.8
'V, efm ' sk - 791
. | P» w/et3 - 0.0775 0,0477
s : 0,00124 0.000765
- (c) Duct and Tubing
3 Duct: hgq = 2 ft by = 2.5 ft |
Tubing: ODy =1 in  wall = 0,035 in D, = 0.93 1n
‘ Fins: bg = 0,125 1n‘ thy = 0,035 in Nf = 8 fins/inch
| T, =0.625in 1y =0.5 in ODg = 1.25 in

392
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Bank arrangement: square pitch
Nt/b = 19 tubes per bank
Sp = 1.263 in = 0.105 ft
S;, = Vg = 1.25 in = 0.104 ft

2. Heat Exchange Surface

Duct Side: MBG Tube Side: Air

A = 0,589 £t2/ft ay = 0,00472 rt2

A, = 0.189 ft/rt
Pp = 5.4b 1t/
At = 0,087 f12/vank

deg = 0.91 ft
ag = 0.765 ft2

Gg = 2,960 1b/(rt2)(hr) G, = 23,500 1b/(£t2)(nr)

Reg = 3,240 Re, = 24,300

Ing = 3203 Iy = 1)

he = 10.8 BTU/(hr)(£t2)(°F) hy = 25.9 BTU/(hr)(£t?)(°F)
hyg = 602 " hy, = 333 "

h; = 10.6 " n; =2k "

Overall design coefficient, area, and number of banks

ref/rp = 1.25

(re-ry) (gi) °7 = 0.2

N =0.9805)

ajp = 0,24k 1t2/rt

Ayt po = 11,57 £t2/bank

hey = 33.3 BIU/(hr)(£t2)(°F)

"

Upy = 14

Overall design coefficient w 14 BTU/(hr)(ft2)(°F)

393
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Ayp = 172 122
Ny = 4.9

Numiber of banks = 15

3. Pressure Drop

(a) Tube Side: Alr
£ = 0,00024(1)
A p = 0,026 psi/ft of bank
A Pbémk = 0,066 psifbank
A return bend is eguivalent to 5.5 ft tubing.
DPpeng = 5.5 x 0.026= 0,145 psi/bend
Consequently ' |

AP, ;.1 =15 x 0,066 + 16 x 0,145 = 3,31 psi

Pressure loss ia cooling tubes = 3,3 psi

The air was assumed to be available from engines at :L.9 psia

" and to suffer a loss of 0.6 psi on its way to HE 1, where it arrives with
34,3 psia. Consequently, air will leave HE 1 at 34,3<3,3 = 31 psia, and

the aver.ge pressure of air in HE 1 is 32.65 psi (very close to the 32,8 psia
assumed in calculition of properties of air)..

APy leaving HE 1 = 31 psia

(b) Duct Side: MBG

There are three individual losses which combined yield
the overall pressure loss suffered by the moist BG in HE 1:

® pressure loss due to enlargement, AP]_
¢ pressure loss due to cooling tubing, APE

® pressure loss due to contraction, AP3

394
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(1) Pressure loss Due to Englargement
There 15 a suddea enlargement from the "orifice”

(area 221 1nch?) to the HE 1 duct (area 720 1nch2), It 15 estimated that

a pressure loss equal to &% of gage pressure of incoming gas takes place
(the same us in the case of gradual enlargement from pipe to a duct).

P) = 0.08 (26.0-14,7) = 0.01

(11) Pressure Loss Due to Banks of Cooling Tubing
Vip = 0.221 f£t3
Sp = 36,9 £t2
]
Dev = 0,024 ft

(Dg,/57)%% = 0.553
(s1/s7)%6 = 0.39

Re = 850

£ = 0,0034(3)

Ib = 15 x 1.25/12 = 1,563 ft

AP, = 0,03 pst
(111) Pressure Loss Due to Contraction
o There is a sudden contraction from the duct
(area 720 inch®) to the orifice (8 x 26 = 208 inch2) which is sized
accordingly to the duct of HE 2. It is estimated that a pressure loss
equal to 2% of the gage pressure of MBG arriving to HE 1 exit takes place
(same as in case of gradual contraction from a duct to a pipe).
Avr; = 0,02 [26.0-14.7-(0.91 + 0.03)] = 0.31 psi
(iv) Total Pressure loss in the Duct

Arp = 0.91 + 0,03 +0.31 = 1.25 pst

The average pressure of moist BG in the duct, for
determination of properties, is

26.0 - (0.91 + 0.5 x 0,03) = 25,08 psia
vhich is very close to the assumed 25 psia,

R N T S S S S M S M LR T A P LT B Saab Mam e e e e v L eie s s ae AT DL ek R ST YL M VT e




FE S

e e

Moist BG reachés HE 2 at ‘:25~1.25 = 2L,75 psia,

Pypg leaving HE 1-= 2L.7 psia

L, Weight . .
Cooling tubing of' 316-s8 (40.3 1b/bank) 605 1b
Duct of Hastelloy.é | ' . 168
. rotal TR
d.. Heat Exchanger No, 2 (HE 2)

. This exchanger follows immediately after HE 1. HE 2 uses fuel |
as coolant for removal of sensible heat from the BG, and for removal of
heat of condensation releesed by all the condensable fuel vapcr and by
part of the water vapor present in the BG stream. BG leaves HE 2 as a
gas saturated with moisture at the exlit temperature. '

1. idata for Heat 'I‘_fansfer |
(a) Loads and.Temperatuzyes

WuBG, 1n = 2,265 Ib/hr
WsBG, out = 2,135 1b/hr
WgG, avg = 2,200 Ip/hr
Wruel, éooiaxit = 3,600 lh/hr
Q = 114,000 BTU/nr |

. BG enters at 611°F and leaves at 8°F
Fuel coolanﬁ enters at 65°F and'leaves. at 275°F

Hot Fluid \ | cold Flutd | Difference
611 Higher temperature 275 336
& Lower temperature 65 .20 : 3
. . . {
526 Difference _ 210 316 |
396
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Moa» Temperature Difference
IMD = 112°F
R =25 § = 0.4 Ry = o.71(6)
‘; At = 79°F ‘
Caloric Temperatures
Ato/Aty, = 0,06
for temperature range of 210°F and $3.6°API
k. =0.132(7) ana F = 0.25(7)
, Consequently
T = 238°F for BG
te = 126°F for fuel coolant
(b) Properties at Above Temperatures
‘ Fuel Coolant BG
Temperature, °F 126 238
Pressure, psia - 23.5
: Mo v/(ft)(hr) 2.49 0.05 {
: Cy» BTU/(10)(°F) | 0.518 0,254
X, BTU/(hr)(£t2)(°F/1t) 0.0783 0.0187 |
(cp M/ )2/ 2.55 0.88 '
y ¢ 1.07 1
Vy» ft3/1b-mole - 316 z
Vpyr £83/1b — 2.5 N
% V“g, cfm e 393 1
f s 1b/rt3 L5.95 0.0933
s 0.7366 0.0015
3
397
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(¢) Duct and Tubing
Duct: hy = 1 ft

Tubing: ODy = 0.5 in
Fins: by = 0.125 in
re = 0.375 in

Bank arrangemeat: square pitch

2. Heat Exchange Surface

Duct Side: BG

A = 0.327 £t2/1t

Ao = 0,054 £t%/rs

‘Pp = 5.LL fr/re

deg = 0.049 £t

ag = 0,6 £t2

Gg = 3,670 1v/(£t2)(nr)

Reg = 3,620

e = 34.5(3)

he = 11.5 BTU/(hr)(£t2)(°F)
. hgg = 602 "

he = 11.3 "

wall = 0,020 in
thf b 0.035 in
ry = 0.25 in

IDy = 0.L6 in
ilp » 8 fins/inch
ODf = 0075 in

Refo = 16 tubes per bdank
Sp = S, =V, =0.75 in = 0,0625 ft

Tube Side: Fuel Coolant

‘a, = 0,00115 ft2

det = 0,0383 ft
By fo = 0.0185 £2/bank
G, = 195,000 1b/(£t2)(hr) -

Ret = 3,000

dpy = 7.6

hy = 42,3 BTU/(nr)(£t2)(°F)
hgy = 500 "

hy = 39.0 "

Overall Design Coefficient, Ares, and Number of Banks

re/rb = lo?

(re-ry) Gio)03 = 0.3
Ll = 0‘97(5)

agp = 0,12 ft2/ft
Ajtpp = 4,82 ftafbank

kg = 9.4 BTU/(br)(££2)(°F/t)




. e, = 386 BT0/(ae)()(T)

Up, = 19.4 BTU/(nr)(£22)(°F)

Overall design cosfficient = 19.4 BTU/(hr)(ftz)(‘F)

A;n' -'270 ft2
N, = 56

mmber of banks = 56

3. -Pressure Drop
‘(a) Tube Side: Fuel Coolant
£ = 0.0004(1)
A\ Py, = 0,024 psifvank 2.5 £t long

with sufficient pressure,
(b) Duct Side: BG

‘ The losses are caused by:

e enlargement, Afl

i . o condensation (loss of volume), APp
! ) ® cooling coils, AP3. .

. o flov through the "orifice", Ap,

A return bend is equivalent to 2.8 ft tubing
A Pyeng = 0,024 x (2.8/2.5) = 0,027 psi/vend

: Consequently
_ Apto_tal = 56 x 0,024 + 57 x 0,027 = 2,9 psi

‘It 15 possitle that a fuel booster pump will be necessary,
80 that the fuel will arrive at the engines and the wvaporization chamber

e — e o -




(1) Pressure Loss Due to Englargement
The enlargement fram the "orifice” (erea = 208 inche)
to the duct (area = 360 inch?) is relatively emall, It is estimated that
a pressure loss equal to LY of the gage pressure of incauing gas takes place,
‘ AP]. = (2‘*07‘1“07) b 4 ood‘ = O.h p31 |

(11) Pressure loss Due to Condensation of Fuel Vapor
and Part of Water Vapor '

P= 2“07 - ooh = 2’4.3 p’ia

total of gases entering = 1.285h2‘1b-moles/mi‘n

fuel vapor condensed = 0,00565 "
water vapor condensed = 0,07676 o
total condensed a 0,08241 .

Ap; = g-:-g%% x 24.3 = 1,56 psi

(111) Pressure loss due to banks of cboling tubing
= 3
VNF 0,083 ft
Sp = 16.86 ft°
' ,
Dev = 0,0156 ft
: (0} /5p)%" = 0.63
e ; (SI/ST)O's =)
Re = 1,1&’40
. o £ = 0,00315(3)

. Ay = 0,06 pst
(iv) Pressure ﬁoss Due to "Orifice"

Not calculated since previous cases have shown
it to be negligible.

(v) Total Pressure Ioss in the Duct
A\ Pp = 0.4 41,56 + 0,06 = 2,02 psi
i ' ot PSBG = 2“07 - 2.@ 222.7 paia
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Pgpg 1naving HE 2 = 22,7 psia

b, Weight
Cooling tubing of 316.SS (14.1 1b/bank) 789 1b
Duct of Hastelloy C 205
Booster pump for fuel coolant 16

1,010 b
e¢. Redesign of HE 2

In the preceding conceptual design, it was assumed that only the
fuel used by the engines (60 1b/min) would be available to cool the BG
in HE 2, and this fuel was allcwed to reach whatever temperature was called
for to absorb the heat., (Figure 47 indicates this temperature t> be 275°F.)

A more favoradle temperature difference 1s obtainable if it is
assumed that the fuel is recirculated at a rate sufficient to give a lower
exit temperature, and this could provide a substantial reduction in transfer
surface and weight, Assuming that fuel coolant enters at 65°F (h = 15,8

BTU/1b) and leaves at 150°F (h = 58.8 BTU/1b), the amount of fuel necessary
to perform the required cooling duty is

6
wmel, cool, ™ 3‘5‘&%5_:5 a 1604 1b[min

= 9,620 1b/hr
No other cha.xigea are introduced.
1. Design of HE 2
The duct and the tubing, as well as their arrangement, remain
the same as in Part 4, Only the items that change are listed in what
follows, )
(a) Temperatures
IMTD = 140,7°F
R = 6.2 S = 0.16 7, = 0.85(6)
At = 19°F
At/At, = 0,043
Por range of 85°F and 53.6° API
K = 0.078(7) ana F, = 0.273(7)

Lo1
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thus
c ® 229°F and  t, = 83°F
(b) Properties

For BG, the properties at 238°F (see above) are used,

because they are practically the same as those at 229°F.

For fuel coolant, the properties at 82°F (Appendix H)
are used, since they are practically the same as those at 88°F.

(c¢) Heat Exchange Surface

There is no change 1in calculations for the duct side.
Tube Side: Gy =521, . 1b/(ft2)(hr)

v = 5,000
Ing = 27(8)
hy = 1% BIU/(nr)(£t2)(°F)
by =92.8 "

* QOverall design coefficient, area, and number of banks
| Upg = 27.3 BTU/(ar)(££2)(°F)
Ayp = 127.6 £t2
N, =265

Number of banks = 27

(d) Pressure DrOpl
(1) Tuve Side
£ = 0,00034(1)
AP = 0.143 psi/bank
Ap,,, = 0.16 psifvend
APy = 27 x 0,143 + 28 x 0,16 = 8.3b pat

A fuel booster hump is a must,

ko2
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(1) Duct Side

The pressure losses due to enlargement, conden=-
-sation, and orifice remain unchanged, The pressure loss due to cooling
E coils 4s now about one-half of that in the initial design of HE 2 (Part 4
above), This is such . sm1ll quantity, that the pressure of BG leaving
HE 2 is practically the same as before, namely 22,7 psia,

(e) Weight

Cooling tubing of 316-SS (1.1 1b/bank) 380.4 1b
Duct of Hastelloy C 102.6
Booster pump for fuel (ccolant) 17

Total 500 1b
' The length of HE 2 45 now 22 inches.
f. Drier
: The design target calls for delivery of dry BG with a maximum
of 1,555 ppm V/V of water (equivalent to < 0,001 1b Hz0/1b dry gas).
Parallel flow of fluids is agaln used.
1. Data for Heat Transfer
(a) Loads and Temperatures
WsBG, 1n = 2,135 Ib/hr
Wiry BG, out = 2960 1b/nr
wBG, avg., © 2,107 b/hr |
W20, coolant = 1,470 v/nr
Q = 77,600 BTU/hr
BG enters at 85°F and leaves at 100°F

TR
LA,

Cooling water enters at 35°F and leaves at 88°F

SR T g

4 g Hot Fluid Cold Fluid Difference
| 100°F Higher temperature 88°F 12°F

! & Lower temperature 35 50 |

)* _ 15 Difference 53 38
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~ Mean temperature difference

IMID = 26.7°F
R20.3 Sx08  Pp=0.95(6)
CAee 5%

Caloric tuxiperatures

Arithmetic averages are sufficient
‘for BG: T, = 93°F
for water: t¢ = 62°F

(b) Properties at Above Temperatures

~BG__  Cooling Water

Temperature, °F 93 62
Pressure, psia o a1.2 o
M 1o/(g)(nr) 0,045 2.76
Cps BIU/(1b)(°F) 0.24 1
k, BTU/(hr)(£t2)(°F/1t) 0.0155 0.329
(Cp)L/k)l/ 3 0.886 2.03
¢ | 1 1.03
Voo ££3/1b-moles 280. -
Vavgs cfm ‘ 329 -
P 1b/rt3 0.107 62.3
s 0.0017 1

(¢) Duct and Tubing

Duct: The duct cross-section, dictated by the superficial
velocity limits for CaClz, 183 hg = 2 tt,bd = 2.5 ft,

Tubing: ODy = 0,375 in  wall = 0,016 in D, = 0.343 in
© Pins: by = 3/16 in thy = 0,035 in Np = 8 fins/inch
re = 0.375 in r, =3/161n g = 0,75 in

Lok




Bank arrangmént: square pitch
Bopo ™ 32 tubes/bank
Sp = 0.75 in = 0,0625 ft
87, = Vg = 1,47 in = 0.123 ft

2. Heat Exchange Surface

Duct Side: BG Tube 8ide: Cooling Water

Ap = O.hN2 £t2/ft ay = 0.000642 1t2

Ao = 0,0707 £t2/ft Ay py = 0.0205 rt2

P, = T.hb e/t det = 0.0086 1t .
dgg = 0,04 £t G = 71,600 1n/(£t2)(nr)

ag = 1.8 rt2 Rey = 74O |

Gy = 1,210 1b/(t2)(nr) W = 0.32 ft/aec

Reg = 1,175 | hy,y = 107(8) Bru/(nr)(££2)(°F)

Jpe ® 155030 factor = 1.1(8) |

he = b.85 BIU/(r)(£62)("F) Ry = 117.7 BIU/(ar)(£62)(°F) '
by, = 602 " hyy = 500 -

Bpek8 " by = 95 -

Overall design coefficient, area, and mmber of banks

Te/rp = 2
Yp = 0.00146 rt
kg = 116.7 BTU/(hr)(£t2)(°F/ft) for almimm

(re-rp) (ﬁ)@-‘f = 0,083
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L = 0.9(3(5)

8,4 = 0,0898 1t2/r¢
Ait/b = 7,18 ft2/bank
hgy = 26.9 BTU/(hr )(££2)(°F)

Upg w2 "

Overall design coefficient = 21 BT/(hr)(£t2)("F)

N, = 20,6

3.

Mumber of banks = 21

Amount of Drying Agent

Calcium chloride alone is sufﬁcient to prcvide a ballast
gas with less than 1,555 ppm V/V of water,

(a) Efficiency of CaCle ,
Conditions: 100°F exit temperature
~ 14,7 psia exit pressure
Efficiency at SV = 1,900 hr~l is given as
equilidbrium 2 0,95 = 1 mm Hg

ﬂlué

1 mm 1l atm ' loérmm

Efficiency -

760 mm | — =130 pm

1,320 ppm i3 equivalent to O 00076 1b H20/1b dry BG vhich is 2u% less than
the maximum permitted of (,001 1b H20/1b dry BG.

ditions i3

O © e e mm e b,

(v) Volume and Veight of CaCla

The average flow of BG in the drier bed at design cone

VBG, avg, = 329 cfm

Lo6
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The volume of CaCla required for EV of 1900 hr-l 1g

329 £t3] 60 min | br

- 3
Volume CaClp -~ ' T I 1500 10.L £+

The weight of CaClz is

i )
£ 0 W

. ‘ cacle ™ 10,k x 51 = 530 1b
Weight of CaClz = 530 1b
4
: (c) water Removal and Useful Life of CaClp
gL ‘ | (1) Conzentration of Water Entering CaCly
0,05088 1b-moles HoO/min
Lo 1.20301 Ib-moles SiG/min X 100 = 4.23%
i ? The concentratiun of water in the gas leaving the CaClpy was shown above to

be 1,320 ppm.

(i1) Water Removed by CaClo

Lz,300 = 1 ' |
_1.3.2_’_50_0_&2_9,100.% ;

The total of water to be removed in the drier is 3.83 1b/flight, thus CaClp
will remove

3.83 x 0,969 = 3.72 1b/flight |
and 3.83-3.72 = 0.11 1b Ho0/flight will be left in BG. This gives ;

0.11 » Hz0 5-1101&.5 1b dry BG = 0,00076 1b Ex0/1b dry BG

Actually, during most of the flight the concentration of water in BG will
be below this value, because at conditions other than "design" the space *
velocity is less than 1,900 hr=l, consequently, the residence time is J
longer and the removal ias greater. ;

(111) Useful Life of CaClo
The capacity of CaClp under the design conditions

is 0.3 1b H20/1b CaClz. At 80% of the stated capacity, the CaCl is capable
of retaining, without regeneration,

ko
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$30 x 0,3 x 0.8 = 127 Ib H.0

L2020 B .
This, in turn, is equivalent to a useful 1life (no regeneration) of
127 & 3.72 = 34 flights (of 403 min)
230 flight-hre

Useful life CaClp = 230 hr

(a) Bed Cross-Section ‘
One of the conditions for proper operation of a CaClp
drier is that the superficial velocity of the gas be in the 50.100 ft/min
range, on average 75 ft/min. This gives a cross-section of
329 $ 75 = b4 2
Consequently, ﬁsing a2x 2.5 ft duct, the superficigl velocity’is
329 2 5 = 66 ft/min |
and this is the'cmss-séction chosen for the drier duct.
b, Voimne and Iength of the Drier
(a) Volume Occupied by the Tubing

, The volume occupied by one bank of cooling tuding it
195 ineh3 = 0.113 £t3. Thus, all the banks occupy

2ax 0.113 2 2,4 £t3
(v) Total Volume and Length of Drier Bed
The total volume of the bed is
104 + 2.4 = 12,8 13
The length of the bed is
12.8 £ 5 = 2,56 ft

, Congequently, the épacing of cooling banks within the ded
is (2.56 £t = 31 inch)

1321=2474nch ¢ to ¢

*




PO I

5. Pressure Drop
(a) Tube Side: Cooling Water
£ = 0,0007(1)

APbank = 0,0058 psi

A return bend is equivalent to 2 ft tubding

APyena = 0.0058 x (2.0/2.5) = 0,0047 | |
Congsequently , Co

APyoyqy = 21 x 0,0058 + 22 x 0,0047 = 0,226 psd |

A‘P'.['--W&ter = 0.23 psi ‘ f

(b) Duct Side: BG

There are the following losses:

® Pressure loss due to sudden expansion, AP]_

N R

Pressure loss due to friction in packed bed,AP2

‘ ® Pressure loss due to friction with cooling tuding, APB
* @ Pressure loss equivalent to volume of water removed, APu

® Pressure loss due to sudden cout;action, AP5

(i) Expansion loss

The sudden enlargement fram orifice (area 208 1nch2)
to the duct (area 720 inch2) is estimated to produce a loss equal to 5% of
the gage pressure of incoming gas

St N A e e SR, e B

N

Ap, = (22.7 - 14.7) 0.05 = 0.h psi

g g

(i1) Packed bed friction loss
Bed thickness, including the coils, is used.
Go = 420 1b/(£:2)(nr)

409
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Re = 2,470
(£/Fg) = 0,052(10)
Ap; = 0.32 pet

(111) Cooling Coils Friction Loss
Vi = 0.5 £t3
Sp = 26.9 1t2
D), = 0.0746 ft
(p,,/57)0" = 1.07
(sp/s1)0.6 = 1.5
t = 0,003(3)
Ar; = 0,003 psi  (pegligidble)

(iv) Loss Equivalent to Volume of Removed Water

Assuning all water is removed half-way through
the bed, the total gas pressure at this point is

? = 22.7 - (o.h + o-s b 4 0032 + O.m) - 2201"‘ paia
Total gases entering drier = 1,20301 1lb~-moles/min
Water to be removed = 0,05088 1b-moles/min

Ar, '%-g%%g x 2214 = 0.9 psi
: (v') Contraction loss

Cg The sudden contraction fram duct to the cutlet pipe
o is estimated to produce a pressure loss equal to 5% of the gage pressuye
of the gas reaching the ocutlet:

p=22.7 = [16.7+ (044032 +0.04)] =6.3 paig 3
Aps = 0,04 x 6.3 = '.§h psi

i e, RS R

(vi) Tctal Ioss in the Duct -

et i v o

The losses due to tha presence of the two screens J
and the filter were not calculated because they are negligible. i
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Apy =04 +0.,32 +0,003 + 0.9 + 0,254 = 1,917 pad 2.0 pai

o e Pd.ry BG *® 22,7 - 2.0 = 20,7 psia

)4

dry BG leaving drier = 20,7 psia

The discussion, with regard to the BG pressure leaving
drier, in Appendix H, is valid in the present case, ard is not repeated
here,

6. Wei@t
(a) Drier

The drier is made of aluminum, except for the screens,
Duct walls are assumed to be 1/8 inch thick.

Weight of cuter walls (aluminum) 62 1»

Weight of cooling tubing (alumimum, 223.6

10.65 1b/bank)

Weight of screens (2) 17.4

Weight of desiccant 530

Dust filter -3
Total 86 »

(b) Cooling Water Supply

The amount of cooling water per flight is calculated to
be 155 1b or 2.5 ft3. A fmall heater, to prevent the water from freezing
is included.

The pressure loss suffered by the water in the drier,
cambustor, and the lines is rather small (about 3.5 psi). Engine bleed
air is available at least at 24 psia. Consequently, air can be used to
push the water out of its tank,

Weight of Tank 20 b

Weight of Heater 1

Weight of Water 55
Total 176 1o
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j
' TABLE I-J. BALLAST CAS MOISTURE CONTENT VS SUBSYSTEM WEIGHT
Useful Temperature Moisture Subsystem
Life, of BG, Content, Welght, | % Weight
Plane Hrs 4 |_om v/y _1bs Initial Fue
| 50 150 10 4,640 2.3
SST-FPHL 50 150 4,600 3,97h 2.0
no 1imit 100 68,400 3,132 1.6
165 150 10 8,229 b1
ssT-FRi2 | 185 150 s,600 | 5,769 29
| vo 1amie 100 68,400 3,429 1.7
73 100 10 1,064 6.4
Tactical 73 100 1,320 961 5.8
2o limit 8 k2,300 757 b6
46 100 10 3,260 2.2
C-141 230 100 1,320 2,663 1.8
4 .
no limit - & 42,300 1,85 1.2
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